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ABSTRACT 
The mechanical properties of composite materials are mainly determined by their 
microstructures that depend on comprising phases and their properties, the shape and size of 
those phases, and their distribution.  By controlling and optimizing the various aspects of the 
microstructure, composites with improved mechanical properties can be created.  One of the 
challenges, however, is the lack of scalable fabrication method capable of making complex 
structures.  The conventional fabrication techniques for MMCs have been limited to fabricating 
simple structures with homogeneous dispersion of constituents.  In this work, various fabrication 
approaches that can control the microstructure in metal matrix reinforced with nanoparticles have 
been studied.  Mechanical alloying (ball milling) was used to control the dispersion of graphene 
sheets in homogeneous reinforced aluminum composites.  Spray assisted deposition of 
nanoparticles was used to fabricate layered composites with uniformly and hierarchically 
reinforced interfaces.  Magnetic field assisted deposition was studied to manipulate and deposit 
nanoparticles into micro-patterns that can be used to create hierarchically layered composites.  
Homogeneously reinforced aluminum alloy (Al6061) reinforced composites with 
graphene have been synthesized using mechanical alloying followed by semisolid sintering.  The 
ball milling was used to control the dispersion as well as the cluster size of the graphene within 
the matrix.  The effect of ball milling time on the fabricated composites was studied.  A 
significant enhancement in the mechanical properties of the graphene reinforced composites was 
observed compared with the matrix material processed at the same condition.    
Layered composites, which are uniformly or hierarchically reinforced at the interfaces, 
have been synthesized by implementing two processing concepts: spray assisted deposition and 
metallurgy (semi-solid sintering).  Ultrasonic spray deposition creates nano-/micro-/meso-scale 
xiii 
 
 
patterns on metallic sheets, which are then stacked together, densified, and synthesized into a 
composite through pressure assisted semi-solid sintering process.  Silicon carbide (SiC) 
nanoparticle reinforced lightweight alloys (i.e. Magnesium Alloy (AZ31) and Al6061) have been 
synthesized.  The synthesized composites showed an improvement in the strength with minor 
decrease on the total elongation.   
Magnetic field directed manipulation of nanoparticles was demonstrated to self-assemble 
and deposit nanoparticles into user-defined micro-patterns on Al substrate for potential use in 
synthesis of hierarchically structure layered composites.  The magnetic field was modulated by 
machining (e.g. micro-milling and laser machining) user-defined pattern of protrusions on the 
magnetic source surface.  The deposition of magnetic particles as well as mixtures of magnetic 
and nonmagnetic nanoparticles was studied.    
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CHAPTER 1 INTRODUCTION 
1.1 Motivation 
The outstanding mechanical behaviors of natural biological materials, such as wood, 
bones, dentin enamels, shells, bird beak, etc., have attracted the interests of many researchers.  
The properties of these biological composites are often superior to the theoretically averaged 
properties of its constituents due to several characteristics: their complex multiscale structures, 
structured interfaces, and the nanostructure of its constituent phases.  Fabricating a composite 
with one or more of those characteristics may yield a combination of favorable properties in 
strength, hardness, damage control, and fracture toughness, which cannot be obtained in simple 
structure composites.  Numerical testing and modeling work have been conducted to evaluate, 
optimize, and investigate hierarchical composite structures [1-5].  Mishnaevsky et al. have 
conducted a numerical testing study on composites reinforced with hard brittle inclusions with 
various complex and simple configurations [6].  It was found that clustered and layered 
microstructures resulted in high fracture energy compared with rather simple structures.  In their 
recent work on the computational micromechanical analysis of the nano-engineered interfaces in 
biocomposite materials and artificial composites [7], they concluded that nanostructured 
interfaces is a promising approach to tailor the material deformation and mechanical properties.  
Most of prior experimental research on mimicking the complex structure of biomaterials has 
been implemented through polymer matrix systems [8-12].  However, very limited progress has 
been made on metallic matrix systems [13]. Li et al. (2015) fabricated graphene/aluminum 
composites with bioinspired nanolaminated structure by using suspension mixing, sedimentation, 
and then pressing followed by extrusion [13]. 
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 Metal matrix composites (MMCs) produced nowadays, however, have been limited to 
rather simple structures of dispersing reinforcing particles or fibers in the matrix phase by 
powder sintering, filling of preform by infiltrate casting, graded structures by centrifugal casting, 
or alignment of fibers by secondary processes like extrusion.  The traditional fabrication routes 
for MMCs, such as milling and blending [14-18], powder metallurgy [19-23], melt processing 
[24-26], and others [27, 28], are not capable of creating complex structures.  A more versatile, 
flexible, scalable manufacturing method is needed to realize such sophisticated designs in MMCs 
[29].  In this study, novel fabrication approaches have been investigated to fabricate MMCs with 
controlled and custom designed structures. 
In this work, mechanical alloying was used to control the dispersion and clustering of the 
graphene within the aluminum matrix (Al6061).  MMCs reinforced with graphitic structure 
elements (CNT, graphene, etc.) have increasingly attracted the interest of many researchers.  One 
of major concerns in fabricating MMCs reinforced with graphitic structure elements has been 
dispersing the nanoparticles homogeneously within the matrix and the wetting between the 
reinforcement element and the metal phase.  Various researchers have used mechanical alloying 
(ball milling) as an effective means to disperse the CNTs [15, 30-35].  Kim et al. [36], Esawi et 
al. [30, 37], and Wang et al. [38] have investigated the effects of the mechanical alloying time on 
the dispersion of CNTs in ball milling.  Kim et al. have investigated the effects of milling time 
on the CNT structure, and it was reported that the length of CNTs shortened significantly with 
increasing milling time [36, 39].  Graphene, being the basic structural element for the CNT, also 
has a great potential as a reinforcing material but with a different form factor.  The graphene is 
favored by excellent mechanical properties and high electrical and thermal conductivities [38].  
Not much research, however, has been found on the synthesis of metal-graphene composites 
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using ball milling and on understanding the effect of graphene dispersion on mechanical 
properties.  In this study, ball milling was used to fabricate Al6061-grphene nanocomposites 
followed by semi-solid consolidation. 
Next, layered MMCs with uniform and hierarchical reinforcements at the interface with 
multiscale and multiphase structure have been fabricated.  Two processing concepts have been 
used to fabricate the composite: spray assisted deposition and semi-solid sintering.  Among 
different spraying techniques, ultrasonic spraying is favored by its narrow atomization droplet 
size distribution and its low spraying velocity (in the order of 1 m/s), which allows accurate 
control on the deposition rate and deposition morphology.  Ultrasonic spraying techniques was 
used to deposit nanoparticles into micro-scale patterns on metallic sheets, which are then stacked 
together, densified, and synthesized into a composite through the pressure assisted semi-solid 
sintering.  
Finally, magnetic field assisted deposition is another approach that was used to 
manipulate the nanoparticle deposition into user-defined patterns.  Magnetic manipulation of 
nanoparticles can be a promising approach to selectively deposit nanoparticles if the applied 
magnetic field is precisely modulated.  Conventionally, magnetically directed surface-patterning 
has been limited to magnetic particles [40-42].  In this work, a novel approach has been 
demonstrated to manipulate not only magnetic particles but also a mixture of magnetic and 
nonmagnetic particles.  
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1.2 Research framework and objectives 
1.2.1 Effect of ball milling on graphene reinforced Al6061 composite fabricated by semi-
solid sintering 
High strength, high thermal properties, and tribological behavior make graphene a good 
candidate as a reinforcement material for MMCs.  However, progress in fabrication MMCs 
reinforced with graphene has been rather slow due to the hard dispersion and clustering of 
graphene.  In this section, graphene reinforced aluminum alloy 6061 (Al6061) composite was 
synthesized by mechanical alloying and semi-solid sintering.  The effects of mechanical alloying 
time on the powder morphology, graphene dispersion, flexural strength, fracture surface, and 
composition of the Al6061-graphene composite were investigated.  Ramen spectroscopy has been 
used to evaluate the effect of ball milling on the graphene structure. 
1.2.2 Ultrasonic spray deposition of sic nanoparticles for laminate metal composite 
fabrication  
In this section, the deposition of SiC nanoparticles via ultrasonic spraying process was 
investigated for a potential application in synthesis of laminate metal composites.  The main 
objective was to control the microstructure of the pattern deposited from ultrasonic spraying by 
understanding atomization, transport, and deposition of a liquid solution containing elements 
and/or chemicals that will form various reinforcement phase architectures.  Governing 
parameters of the ultrasonic spraying process, which included suspension and spraying 
parameters, and their influence on the deposited structure have been analyzed.  The potential of 
using ultrasonic spraying to fabricate laminate composites reinforced at the interfaces with 
nanoparticles have been investigated.  
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1.2.3 Fabrication of pattern reinforced AZ31 multilayer composite using ultrasonic spray 
deposition 
Mimicking the unique hierarchical, multiscale structures of natural biological materials is 
a promising approach to create novel materials with outstanding properties.  One of the 
challenges, however, is the lack of scalable fabrication methods capable of making such complex 
structures.  In this section, a multilayer nanocomposite has been synthesized by incorporating an 
ultrasonic spray deposition technique and semi-solid sintering.  The spray deposition system was 
used to deposit nanoparticles on substrate foils, which were consolidated to synthesize the 
multilayer composite.  A patterned mask was used to create micro-patterns with nanoscale 
structures.  A magnesium alloy, AZ31, foil was used as the matrix material.  A mixture of nano-
silicon carbide (nano-SiC) and aluminum alloy, Al6061, particles was used as the reinforcement 
phase in the deposited patterns.  The main objectives were to create and control the pattern 
deposition using a mask, and to study the densification and consolidation behavior of the 
deposited patterns by compositional analysis and mechanical testing. 
1.2.4  Magnetic field assisted deposition of nanoparticles in pattern structures 
Magnetically directed surface-patterning has been a promising approach for direct 
assembly of nanoparticles in custom user-defined shapes.  Conventionally, magnetically directed 
surface-patterning has been limited to magnetic particles only, which narrows the range of 
potential applications.  In this section, novel approach is demonstrated to manipulate a mixture of 
magnetic and nonmagnetic particles using an external magnetic field to be self-assembled into 
micro-patterns on a substrate foil for potential application in synthesis hierarchical 
nanostructured composites.  The main objective is to understand nanoparticles behavior (transfer, 
interaction, self-assembly) under the effect of modulated magnetic fields.       
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1.3 Dissertation organization 
The rest of this thesis is divided into five chapters.  In Chapter 2, fabrication of graphene 
reinforced Al6061 composites using ball milling was investigated.  In Chapter 3, the 
implementation of ultrasonic spray deposition techniques to fabricate MMCs were assessed, and 
the governing parameters that controls the deposition structure were investigated.  Chapter 4 
presents a novel approach to fabricate hierarchical structure composites using ultrasonic spraying 
techniques.  In Chapter 5, a novel technique that uses a modulated external magnetic field to 
manipulate and deposit a mixture of magnetic and nonmagnetic particles is presented.  A 
summary and contributions are presented in chapter 6.  Chapter 6 is followed by a complete list 
of bibliography. 
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CHAPTER 2 EFFECT OF BALL MILLING ON GRAPHENE REINFORCED AL6061 
COMPOSITE FABRICATED BY SEMI-SOLID SINTERING 
2.1 Introduction 
Recently, MMCs reinforced with nano-elements have attracted the interest of many 
researchers [43-48].  Graphitic structured materials like carbon nanotubes (CNTs), graphite, and 
graphene have been among the more widely researched materials due to their exceptional 
mechanical [49], thermal [50, 51], electrical properties [52], and tribological behavior [53, 54].  
Moreover, improved manufacturing techniques have made these nanomaterials more affordable 
[32, 36, 55-57]. 
Various studies can be found in which CNTs were used as a reinforcement phase with 
different base metals like copper [46, 58, 59], aluminum [30, 32, 37, 43, 44, 53, 57, 60], and their 
alloys [36, 55, 56, 61].  Graphene, being the basic structural element for the CNT, also has a 
great potential as a reinforcing material but with a different form factor.  The graphene is favored 
by excellent mechanical properties and high electrical and thermal conductivities [38].  Not 
much research, however, has been found on synthesis of metal-graphene composites and on 
understanding the effect of graphene dispersion on mechanical properties.  Wang et al. have 
fabricated graphene reinforced aluminum composites using flake powder metallurgy.  The 
composite strength showed an enhancement in the tensile strength by 62% compared with 
unreinforced aluminum [38].  Bartolucci et al. fabricated 0.1 wt % graphene-aluminum 
composites fabricated using ball milling followed by sintering for 4 hours at 550°C.  A 
degradation in the mechanical properties of the composite was reported due to the formation of 
large amount of carbide phases during sintering [45].   Perez-bustamante et al. fabricated 
graphene reinforced aluminum composites using ball milling and an enhancement in the 
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hardness values were observed [62]. Although some studies report significant mechanical 
property enhancement, however, dispersion the graphene within the matrix has been always a 
challenge.  In this work, ball milling technique was used to disperse the graphene within the 
Al6061 matrix.  In a recent study by Zhang et al. (2016) [63], ball milling was successfully used 
to disperse the graphene nanoplatlets within the al alloy matrix, reporting an increase in both the 
yield strength and the ultimate tensile strength by more than 50%.  
In this study, graphene reinforced Al6061 composites were fabricated using ball milling 
techniques.  The aluminum-graphene composite was synthesized in the semi-solid state of the 
aluminum alloy by pressure-assisted sintering.  The effect of ball milling time on the dispersion 
of the graphene and its influence on mechanical properties and microstructure has been 
investigated. 
2.2 Material and methods 
Graphite was expanded to exfoliate graphene according to the modified Brodie’s method.  
First, 10 g of graphite, 160 ml of nitric acid, and 85 g of sodium chlorate were mixed at room 
temperature.  The mixture was kept for 24 hours under continuous stirring.  Then it was washed 
with 5% hydrochloric acid and distilled water for four times.  The intercalated graphite was 
achieved through sedimentation and finally was dried at 60C.  With the aid of ultrasonication, 
the intercalated graphite was exfoliated to monolayer or “few-layer” graphene oxide [64].  
Aluminum alloy 6061 (Al6061) was used as the matrix phase, and its chemical 
composition is listed in Table 2.1.  Mechanical alloying was performed using a SPEX 8000x ball 
milling machine to disperse the graphene into the Al6061 particles.  The initial average sizes of 
Al6061 and graphene particles were 13.8 µm and 100 µm, respectively. 
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Table 2.1 Chemical composition of Al6061 
Element Cr Cu Fe Mg Mn Si Ti Zn Al 
Amount (%) 0.09 0.28 0.27 1.03 0.03 0.52 0.01 0.06 Bal. 
 
Al6061-1.0 wt.% graphene samples were prepared at various ball milling times: 10, 30, 
60, and 90 minutes.  In addition, a reference sample was prepared for each ball milling time with 
only Al6061 powder to isolate the strain hardening effect that came from the ball milling.  The 
ball milling was performed in ambient conditions without any process controlling agents.  0.05 g 
of graphene was mixed with 4.95 g of Al6061 in a zirconia vial.  Two zirconia balls, weighing 
7.5 g each, were used in the mixing process, resulting in a ball to powder ratio (BPR) of 2.6.  The 
ball mill was stopped for 30 minutes after every 10 minutes of operation, to prevent heating of 
the powder. 
The experimental setup used for the composite synthesis is shown in Figure 2.1.  The die 
was made of H13 tool steel and was lubricated by spraying a thin layer of boron nitride to 
prevent a potential reaction between the aluminum and the die at elevated temperatures.  The 
consolidation was performed in two stages.  First, a pre-compaction pressure of 50 MPa was 
applied to the alloyed powder at room temperature.  Then, the powder compact was hot-pressed 
at 100 MPa for 10 minutes in the mushy zone (between the solidus and liquidus temperature of 
Al6061) at 630°C.  The liquid phase fraction at this temperature is about 18%. 
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Figure 2.1 Experimental setup for semi-solid sintering 
The obtained composites were cut using a low-speed diamond testing system.  The 
fracture surfaces and the ball milled powder saw and were polished to the final dimensions (0.9 
mm in thickness and 1.2 mm in width) needed to perform a three-point bend test.  The flexural 
stress and flexural strain were recorded using the materials were examined using a scanning 
electron microscope, or SEM (FEI Quanta-250 field-emission scanning electron microscope).  
An XRD analysis was performed to check the carbide formation during consolidation.  A Raman 
spectroscopy analysis was performed to study the effect of mechanical milling on the evolution 
of the graphene structure.  Raman spectra of graphene were obtained using a confocal Raman 
spectrometer (Voyage, B&W Tek, Inc.).  The laser beam (λ = 532 nm) was focused using a 50 
objective lens before irradiating the samples.  The laser energy was 2 mW and was uniformly 
distributed in space; this did not damage the samples.  The laser spot size was 2×4 μm2, and was 
determined by using a blade method.   
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2.3 Results and discussion 
With the aid of sonication, the intercalated graphite was exfoliated to few-layer graphene, 
while some of them were in the monolayer state.  A transmission electron microscopy (TEM) 
image of few-layer graphene is shown in Figure 2.2. 
 
Figure 2.2 TEM image of few-layers graphene 
A portion of the mechanically alloyed powder was extracted at the specified milling 
times (30, 60, and 90 minutes) for analysis under the SEM.  As shown in Figure 2.3, the alloyed 
particle size increased with longer milling times.  However, the graphene size decreased as the 
milling time increased.  During mechanical alloying, cold welding and fracturing mechanisms 
compete with each other.  Cold welding is dominant for the ductile Al6061 particles as they 
strain harden by the impact from the balls [30, 39].  On the other hand, the agglomerated 
graphene is fractured and delaminated.  These fractured graphene flakes are repeatedly enclosed 
and embedded into the cold welded aluminum particles by ball milling.  Comparing the alloyed 
powder at 30 minutes and again at 60 minutes in Figure 2.3, the overall particle size increased 
while the graphene flakes decreased in size.  At 90 minutes, it was noticed that the composite 
particle shape had changed from platelet to particulate shape.  It was also very difficult to locate 
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the graphene, which indicated that the majority of the graphene had been embedded into the 
aluminum particles by ball milling process. 
 
Figure 2.3 SEM images of the milled Al6061-1.0 wt.% graphene powder at different milling 
times: (a, b) milled for 30 min, (c, d) milled for 60 min, (e, f) milled for 90 min 
Raman spectroscopy was employed to check the evolution of graphene structure during 
composite processing.  Three samples were used: 1) as-received graphene; 2) Al6061 alloyed 
with 2.0 wt.% graphene particles ball milled for 90 minutes; and 3) Al6061 alloyed with 2.0 
wt.% graphene particles ball milled for five hours.  Samples with higher concentration of 
graphene (Al6061-2.0 wt.% graphene) were used to enhance the accuracy of the data collected 
during the Raman test.  The higher the graphene concentration is, the higher the signal intensity 
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is.  90 minutes of milling time was the maximum milling time used to synthesize the samples 
used in this study.  Prolonged milling time, however, was needed to provide insight into the 
progression of damage in the graphitic structure beyond the milling times used to make the 
composites.  Therefore, Raman measurement data for the five hours of milling time sample were 
provided, which showed further changes in the graphitic structure that were not apparent.  Figure 
2.4 shows the Raman spectra of graphene samples.  The integration time was 60 seconds.  The 
Raman peaks are fitted with the Lorentz function to obtain the precise Raman intensity and 
wavenumber.  The results are summarized in Table 2.2. 
 
Figure 2.4 Raman spectra of the milled Al6061-2.0 wt.% graphene powder at different 
milling times and as-received graphene 
Table 2.2 Raman data of the milled Al6061-2.0 wt.% graphene particles 
State ID/IG IG/I2D ωG (cm-1) 
As-received 1.08 0.65 1572.7 
90 min milling 1.46 0.38 1593.9 
5 hour milling 1.42 0.28 1594.0 
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The Raman spectrum of the as-received graphene oxide samples shows a D-band at 1349 
cm-1, a G-band at 1573 cm-1, and a 2D-band at 2667 cm-1.  The G-band is the intrinsic 
vibration mode of a single graphite crystal.  The D-band is related to the disorder in the graphene 
oxide and presence of sp3 defects.  The 2D-band is the overtone of the D-band, and is much 
smaller with respect to the D and G peaks.  
The Raman spectra of graphene are related to the quality of the samples.  The intensity 
ratio of D-band to G-band (ID/IG) indicates the disordering and defect density in the graphitic 
structures.  After ball milling for 90 minutes, ID/IG increased from 1.1 to 1.4, which indicated 
disordering and defects in the graphene structure [65].  The amount of defects increased in the 
graphene after the ball milling because of the physical force applied during the process.  In Table 
2, the ratio of the ID/IG increased to 1.46 after 90 minutes of ball milling, which indicated that 
the ball milling introduced more defects and disorder to the graphene clusters.  After further 
milling up to five hours, the ID/IG ratio did not change, which implied that there were no further 
defects introduced to the graphene structure.  That could be attributed to the fact that the 
graphene sheets were embedded inside the Al6061 particles, which helped to protect them from 
further damage.  
The ratio of integrated intensities IG/I2D decreases as the number of layers decrease [66].  
The ratio of IG/I2D dropped from 0.65 to 0.38 after the sample was milled for 90 minutes.  After 
further ball milling for up to five hours, the ratio decreased to 0.28.  The number of graphene 
layers changed from four layers to two (bilayer), and finally reached a monolayer configuration 
according to the reference [66].  The number of graphene layers dropped due to the physical 
force introduced in the powder composite during the mechanical alloying, which helped to 
separate the graphene layers from each other. 
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The peak position of the G-band (ωG) indicates the stress experienced in the graphene.  
When graphene is strained, the interatomic distances of the graphene change; hence the vibration 
frequency of the G-band changes, which leads to a wavenumber shift.  When the strain is larger, 
so is the shift of the wavenumber.  In the experiments, the wavenumber increased from 1573 cm-
1 (the as-received graphene) to 1594 cm-1 after 90 minutes of ball milling.  The interatomic 
distances in the graphene were reduced, and the residual compressive stresses increased in the 
samples.  The wavenumber, however, increased a small amount (~0.1) between a milling time of 
90 minutes and five hours of milling time, which indicated that the stress experienced by the 
graphene did not change significantly [67]. 
The flexural stress and strain were calculated from the measured force and displacement 
data using equations (1) and (2) [39]. 
22/3 whPLfl   
(1) 
2/6 Lhdcfl   
(2) 
σfl and εfl are the flexural stress and flexural strain, respectively.  P is the load, L is the 
support span, w and h are the width and depth of the specimen, respectively, and dc is the 
deflection at the middle of the span. 
The calculated flexural stress and strain curves of the Al6061-1.0 wt.% graphene 
composites are plotted in Figure 2.5 along with the reference Al6061 milled for the same 
duration.  In general, the strength of the graphene-reinforced composite and the reference Al6061 
increased as the mechanical alloying time increased, while the flexural strain to failure decreased 
[14].  The strengthening in the reference Al6061 can be attributed to strain hardening by ball 
milling [68].  The strength increase in the graphene-reinforced composite may come from three 
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main contributors: graphene addition [38]; strain hardening due to ball milling [30, 36, 39, 44, 
60]; and carbide formation due to the reaction between the molten aluminum and defects at the 
graphitic planes [45].  By comparing the bend test results of the composite with the reference 
sample, strengthening due to strain hardening may be estimated. 
 
Figure 2.5 Flexural stress–strain curves of Al6061-1.0 wt.% graphene 
In Figure 2.5, the addition of graphene did not improve the strength for Al6061-1.0 wt.% 
graphene composites made at 10 minute and 30 minute milling times when compared with the 
reference Al6061 consolidated under the same conditions.  The milling times were not long 
enough to fully disperse the graphene into the Al6061 matrix particles [30, 39] resulting in 
degradation of mechanical properties.  With only 10 minutes of milling, it was observed that the 
agglomeration of graphene significantly weakened the composite, to a point where the strength 
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was less than the reference Al6061 (without any graphene).  This conglomeration interrupts the 
consolidation and results in producing defects in the composite [69-71].  As the milling time 
increased to 60 minutes and 90 minutes, the flexural strengths increased significantly to 760 MPa 
and 800 MPa, respectively.  Compared with the corresponding Al6061 reference sample (milled 
for the same milling time), the strength increase was 47% and 34% for the 60-minute and 90-
minute composites, respectively.  The tensile strength of the monolayer graphene oxide (2D 
layer) reported in literature is about 130 ± 10 GPa [72].  The rule of mixture was applied and the 
lower and upper bound of the composite strength was calculated to be 1696 MPa and 404 MPa, 
respectively.  The maximum reported strength in this study was around 800 MPa, which is laying 
within the upper and lower bound range.  The composite strength was not close to the upper 
bound limit because of the presence of the graphene oxide in multilayer form and the graphene 
oxide particles are randomly oriented within the composites.  Furthermore, the ball milling had 
introduced some defects to the graphitic structure as discussed earlier which contributed to the 
relative degradation of the graphene strength compared to the monolayer properties [73].   
The strengthening may be due to the addition of 1.0 wt.% graphene and/or carbide that 
formed during the synthesis [36, 39].  Unfortunately, the individual contributions from the 
graphene and the carbide cannot be evaluated at this point.  Figure 2.6 shows the XRD analysis 
results for the Al6061-1.0 wt.% graphene samples at various milling times.  Aluminum carbide 
peaks were not detected, but this does not necessarily mean that no carbide was formed.  The 
amount of carbide formation may be below the level of sensitivity of the XRD apparatus used, 
which is about 1.0 wt.%.  
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Figure 2.6 XRD analysis of the Al6061-1.0 wt.% graphene samples at different milling 
times 
In Figure 2.7, SEM images of the fracture surfaces of the Al6061-1.0 wt.% graphene 
composites that were prepared at different milling times are presented.  As shown in Figure 2.7, 
the plastic deformation, represented by the ductile fracture dimples, decreased as milling time 
increased.  Comparing the 30-minute (Figure 2.7 (c, d)) and the 60-minute (Figure 2.7 (e, f)) 
milling time samples, a change in the morphology of the surface is observed.  The dimples of the 
ductile fracture observed in the 30-minute sample diminished and numerous flat regions were 
detected on the 60-minute sample fracture surface.  As the milling time increased, the sharp 
decrease in the size of the ductile dimples of the fracture surface indicated that the ductility of 
the composite had decreased significantly [39].  This change in the fracture surface was also 
accompanied by a change in the mechanical behavior as discussed and shown in Figure 2.5.  As 
discussed earlier, 30 minutes of milling was not enough for the graphene to be uniformly 
dispersed throughout the Al6061 matrix, resulting in no enhancement in, or even deterioration of 
the mechanical properties [69]. 
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Figure 2.7 SEM images of fracture surfaces of the Al6061-1.0 wt.% graphene composites 
prepared at different milling times: (a, b) 10 min, (c, d) 30 min, (e, f) 60 min, and (g, h) 90 
min 
Figure 2.8 compares the fracture morphology of Al6061 (no graphene) and Al6061-1.0 
wt.% graphene ball milled for 90 minutes.  It is evident that the size of the ductile dimples 
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decreased significantly when graphene was added and dispersed within the matrix through ball 
milling.  This indicates that the ductility decrease of the Al6061-1.0 wt.% graphene composite 
was most likely due to graphene addition and its dispersion rather than solely from the hardening 
effect from milling. 
 
Figure 2.8 SEM images of fracture surfaces: (a) Al6061-1.0 wt.% graphene milled for 90 
min, and (b) Al6061 unalloyed milled for 90 min 
Figure 2.9 shows a crack on the fracture surface on the Al6061–graphene composite ball 
milled for 10 minutes.  These large cracks were not visible on the fracture surfaces of other 
composites that were milled for more time (30, 60, and 90 minutes).  They were formed due to 
the poor interface between the large graphene cluster and the matrix phase, which acted as a 
crack nucleation site.  Under the bending load, these cracks propagated and grew, accounting for 
the inferior flexural strength of the Al6061-graphene sample when compared with the reference 
Al6061 sample.  For longer milling times (30, 60, and 90 minutes), the dispersed graphene acted 
as bridges preventing and/or delaying micro-crack propagation paths [74].  
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Figure 2.9 SEM images of fracture surface of Al6061-1.0 wt.% graphene composite milled 
An exhaustive search for graphene was performed on all fracture surfaces.  It was very 
difficult, however, to locate graphene for the 30-, 60-, and 90-minute milling time samples.  For 
the 10 minute milling time sample, clusters of graphene layers were observed on the fracture 
surface as shown in Figure 2.10.  Figure 2.10 (a and b) shows graphene cluster embedded into 
the matrix phase.  In Figure 2.10 (a), a change in phase was observed between the clustered 
graphene and the matrix.  Figure 2.10 (b) shows the topography of the graphene cluster.  In 
Figure 2.10 (c, d, and e), a graphene cluster attached to the surface can be observed.  For the 
graphene observed in this image, it was pulled normal to the fracture dimples in the direction of 
tensile loading caused by bend test.  In Figure 2.10 (e), the layered graphene structure is clearly 
visible at high magnification. 
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Figure 2.10 Images of graphene clusters: (a) BSEC detector SEM image of a graphene 
cluster embedded in the Al6061 matrix, (b) ETD detector SEM image, (c) BSEC detector 
SEM image of a graphene cluster attached to the surface, (d) ETD detector SEM imaging, 
and (e) higher magnification of the graphene layers 
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2.4 Conclusions 
In this study, the Al6061-1.0 wt.% graphene composites were fabricated by ball milling 
Al6061 particles and graphene, followed by pre-compaction at room temperature, and finally by 
hot compaction in the semi-solid regime.  The ball milling time varied from 10 minutes to 90 
minutes.  The 10- and 30-minute ball milling times were not enough to homogeneously disperse 
the graphene into the Al6061 matrix, which resulted in degradation of the flexural strength for 
the 10-minute milling time sample and no enhancement for the 30-minute milling time sample.  
The strength increase for the Al6061-1.0 wt.% graphene composite was 47% and 34% for the 
60-mintue and 90-minute times, compared with the reference Al6061 sample.  According to the 
Raman analysis, further milling did not introduce more damage to the graphene, but instead 
helped to uniformly disperse the graphene and reduce the number of the stacked layers.  It was 
concluded that the strengthening was significantly affected by the dispersion of the graphene in 
the matrix phase.  
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CHAPTER 3 ULTRASONIC SPRAY DEPOSITION OF SIC NANOPARTICLES FOR 
LAMINATE METAL COMPOSITE FABRICATION 
3.1 Introduction 
Various techniques have been used in material coating or surface deposition, including 
tape casting [75], thermal spraying [76], plasma spraying [77], electrostatic spray deposition 
[78], spray deposition [79], spray pyrolysis [80], and ultrasonic spray deposition [81].  Among 
these techniques, ultrasonic spraying offers several unique and desirable characteristics.  The 
ultrasonic spraying nozzle vibrates at high frequency using two piezoelectric discs and an 
amplifier.  This makes the liquid leave the nozzle tip in the form of mist that has a narrow droplet 
size distribution and a very low spraying velocity (in the order of 1 m/s) compared with other 
spraying techniques [82].  It is a process that is favored by its simplicity and low cost, in addition 
to its flexibility in producing thin multilayered deposited structures [83].  It offers a relatively 
moderate deposition surface temperatures of 100–500C [84].  Accordingly, a wide variety of 
substrate materials can be used [85] by tuning the spraying parameters.  The technique also 
allows accurate control of the deposition rate [86] and deposition structure [81].  In a recent 
study, the deposition structures of ultrasonic and handheld spraying techniques were compared, 
and the ultrasonic spraying technique resulted in a smoother and more uniform deposition 
structure [87].  It has been used to fabricate fuel cell electrodes [88], thin films [89, 90], 
nanocatalysts [91], high temperature oxidation resistant coatings [90], and electrochromic 
windows [92]. The atomized droplet size, which significantly influences the deposition structure 
and the spray quality, is mainly determined by the liquid properties (surface tension and density) 
and the nozzle vibration frequency [93].  Moreover, spraying parameters, such as the nozzle 
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vibration frequency, flow rate, deposition surface temperature [94], spraying air pressure [95], 
and spraying distance [86], affect the final deposition structure. 
In this study, the ultrasonic spraying is used for spraying nano-suspension systems to 
deposit nanoparticles on substrate materials.  Nano-suspensions or nano-fluids are liquid with 
homogeneously suspended nano-sized particles [96], which may be metals [97], oxides [98], 
carbides [90], and carbon structured materials [99].  One of the main advantages of using 
nanoparticle suspensions is the low tendency for particle agglomeration and sedimentation, 
which will keep the particles suspended and dispersed throughout the operation and may 
potentially improve the quality of deposited layer [96].  Nano-suspension spraying has been used 
in many applications.  It has been used to process granular nanoparticles using various spraying 
techniques, where the suspension is sprayed and the droplet dries while traveling and can then be 
collected [100-103].  During drying, the nanoparticles can be self-assembled in various 
morphologies depending on the process conditions [104].  Moreover, spraying suspension of 
CNT has been used to deposit a CNT network film on a substrate to fabricate a conductive film 
for electronic applications [105, 106].  Hand spraying of CNT micro-ball suspension was used to 
fabricate dye-sensitized solar cells [107].  Spraying of nano-suspension was also used to 
fabricate solid oxide fuel cells using a conventional spraying atomizer [108].  In a recent study, 
ultrasonic spraying was used to deposit graphene flakes films on polymer-coated glass.  The 
researchers chose the ultrasonic spraying technique as it produced relatively small droplets of a 
few micrometers that allowed rapid solvent evaporation [109]. 
In this study, the ultrasonic spraying technique was applied to accurately control the 
deposition structure of nanoparticles needed to produce layered metal composites reinforced by 
nanoparticles at the interfaces.  Previous studies demonstrated that laminated composites can be 
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designed to improve several characteristics, including damage tolerance [110], impact toughness 
[111], fatigue behavior [112], corrosion resistance, wear resistance, formability, and ductility 
[113].  In manufacturing of metal laminate composites reinforced with nanoparticles, several 
studies were found, each of which employed techniques involving manual spreading of the 
reinforcements [114], immersing the substrate in suspension systems [115], and air gun spraying 
to deposit nanoparticles [116].  The challenge, however, has been in trying to precisely control 
the spatial distribution of the reinforcement elements.   
In this study, the deposition of silicon carbide (SiC) nanoparticles using ultrasonic 
spraying method was investigated for the purpose of synthesizing a multilayer composite made 
of metallic matrix.  Two different composites were fabricated, Al6061 aluminum alloy 
composites and AZ31 magnesium alloy composites.  The study entailed understanding the 
effects of suspension and spraying parameters on the deposited microstructure.  The size and 
amount of nanoparticles in the ethanol suspension affect the initial atomization droplet size, 
which was calculated using a theoretical model.  The effects of the spraying parameters (flow 
rate, substrate surface temperature, air pressure, and nozzle to substrate distance) on the 
deposition morphology were investigated to identify appropriate parameter ranges to make the 
multilayer composite.  Finally, Al6061 and AZ31 laminate composites reinforced by silicon 
carbide (SiC) nanoparticles were fabricated, and the potential use of ultrasonic spraying 
technique for laminate composite synthesis was discussed. 
3.2 Experimental procedures 
Ultrasonic spraying is a promising technique that can coat surfaces with various 
nanoparticles and chemicals, and in so doing, precisely control the deposited microstructure.  In 
this study, an ultrasonic deposition system (Exacta-Coat Ultrasonic Coating System, Sono-Tek 
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Corp.) as shown in Figure 3.1 was used to perform the spraying.  The system features a sonic 
syringe that controls the flow rate of the suspension and provides bursts of vibration to prevent 
the suspended particles from developing sedimentation and agglomeration. 
 
Figure 3.1 Ultrasonic spray deposition system 
The spray-deposited structure can be influenced by various processing parameters, which 
may be classified into two categories: suspension and spraying parameters.  The suspension 
parameters are the suspended particle type, size, and SiC concentration.  Suspension 
concentrations of 0-16 wt.% of SiC were used to study the effect on the surface tension for two 
different particle sizes, 80 and 800 nm.  For the 800 nm SiC, it was challenging to keep the 
suspension homogeneous during the spraying process due to the particles developing 
sedimentation and tendency to clog the spraying tubes and system.  On the other hand, the 80 nm 
SiC particle suspension could be kept stable for days, which made it favorable for the spraying 
process.  Nanoparticles were mixed into ethanol and sonicated for six hours in an ultrasonic bath 
to achieve a stable and homogenous suspension [117].  The surface tension was measured using 
the pendant drop method [118].  The important spraying parameters that could affect the 
28 
 
 
deposition structure are the deposition surface temperature (T), the spraying suspension flow rate 
(Q), the spraying air pressure (P), and the nozzle distance (D) [82].  Each parameter was 
investigated by analyzing the deposited structure qualitatively under a scanning electron 
microscope (SEM).  For spraying, a low suspension concentration was prepared using the 80 nm 
SiC particles with a concentration of 0.1 wt.% SiC.   
Figure 3.2 shows a schematic overview of the spraying process and the spraying path.  A 
total of 12 passes were used for each sample with a nozzle velocity of 10 mm/sec.  The spacing 
between the centers of two adjacent lines was 2 mm, which provided small enough spacing so 
that the spray area overlapped and the final deposited structure was uniform.  The detailed 
spraying conditions and parameters are summarized in Table 3.1. 
 
Figure 3.2 (a) Schematic overview of the spraying process and (b) spraying path 
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Table 3.1 Summary of the spraying parameters and their values 
Parameters Values 
Material and particle size SiC nanoparticles (< 80 nm) 
Suspension medium and concentration  Ethanol + 0.1 wt.% SiC 
Substrate thickness 80 μm 
Sonication time 6 hours 
Spraying type Path spraying 
Spraying speed 10 mm/sec 
Spraying lines spacing 2 mm 
Temperature (T) 140, 220, and 255ºC 
Flow rate (Q) 0.25, 0.5, and 1.0 ml/min 
Air pressure (P) 0.25, 0.5, and 1.0 kPa 
Distance (D) 15, 25, and 50 mm 
 
For the Al6061-SiC laminate composite synthesis, a SiC nanoparticle layer was 
uniformly sprayed on the Al6061 sheet.  Each composite comprised 21 layers of Al6061 sheets 
(60-70 µm thick) sprayed with SiC nanoparticles at the interface.  The chemical composition of 
the Al6061 sheet is the following: 1.03% Mg, 0.52% Si, 0.06% Zn, 0.03% Mn, 0.28% Cu, Bal.%  
Al.  The composite samples were prepared with SiC loadings of approximately 0.3 and 0.6 wt.% 
and without SiC nanoparticles for reference .  The experimental setup used for composite 
synthesis is shown in Figure 2.1.  The die was made of H13 tool steel and was lubricated by 
spraying a thin layer of boron nitride to prevent potential reaction between the aluminum and the 
die at elevated temperatures.  The consolidation was performed in two stages.  First, a pre-
compaction pressure of 50 MPa was applied at room temperature.  Then, the temperature was 
elevated to mushy zone (between the solidus and liquidus temperature of Al6061) while 10 MPa 
of pressure was maintained.  Next, the compact was hot pressed at 50 MPa for 15 min at 635°C.  
The liquid phase percentage at this temperature is about 18%. 
A laminate composite of magnesium alloy (AZ31) sheets and SiC nanoparticles were 
fabricated.  The AZ31-SiC laminate composite was comprised of 15 layers of AZ31 sheets (80–
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100 µm thick) sprayed with SiC at the interface.  The chemical composition of the AZ31 sheet is 
provided in Table 3.2.  Composites with different SiC loadings of 0, 0.15, 0.3, and 0.6 wt.% were 
synthesized.  The experimental setup used for composite synthesis is the same used earlier and it 
is shown in Figure 2.1.  The consolidation was performed in two stages.  First, a pre-compaction 
pressure of 50 MPa was applied to the stacked layers at room temperature.  Then the temperature 
was raised to the mushy zone of the AZ31 alloy (between the solidus and liquidus temperature of 
the AZ31 alloy) [36] while 50 MPa of pressure was maintained.  The stacked layers were hot 
pressed under 50 MPa for 20 minutes at 610°C, at which temperature the liquid phase is about 
9%.  
Table 3.2 Chemical composition of AZ31 alloy 
Chemical Composition Limits of AZ31 in wt.% 
 Al Zn Mn Ca Cu Fe Ni Si 
Others 
total 
Mg 
Min. 2.5 0.7 0.2 -- -- -- -- -- -- Bal. 
Max. 3.5 1.3 1.0 0.04 0.05 0.005 0.005 0.05 0.3 Bal. 
 
 The obtained composites were cut using a diamond saw and were polished to the final 
dimensions (0.9 mm in thickness and 1.2 mm in width) needed to perform the three-point bend 
test.  The flexural stress and flexural strain were recorded using the materials testing system. 
3.3 Results and discussion 
The droplet size is one of the main parameters that affects the deposited microstructure 
and is mainly determined by the ultrasonic frequency of the nozzle and the suspension properties 
(surface tension and density) [93].  The droplet size can be approximately estimated by Eqn. (1) 
[82], which represents a model that predicts the diameter of the atomized droplet exiting from the 
ultrasonic nozzle used in various studies [81, 82, 119]: 
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(1) 
where, σ and ρ are the surface tension and the density of the suspension, respectively; and 
f is the ultrasonic nozzle frequency.  Note that the surface tension and density have opposite 
effect on the atomized droplet size. 
Figure 3.3 (a) shows the relation between surface tension and particle loading for two 
different SiC particle sizes (80 nm and 800 nm).  The surface tension increased as the SiC 
loading increased.  Zhu et al. [120] reported a similar observation.  Since the particles tend to 
agglomerate at the gas-liquid interface, it increases the concentration of particles at the surface.  
At the gas-liquid interface, two forces, repulsive force (electrostatic) and attractive force (van der 
Waals), compete with each other [121] and can affect the surface free energy of the suspension.  
At a low concentration, the particles are farther away from each other, and therefore, the particle 
interaction is lower, resulting in a lower surface tension according to Saeid et al. [122].  On the 
other hand, as the concentration increases, the distance between the particles becomes shorter, 
which increases the attractive force and results in surface free energy increase [122].  The 
observation also agrees with findings from other researchers [123].   
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Figure 3.3 The effect of SiC loading and particle size on the surface tension of ethanol-SiC 
suspension system 
It was observed that the suspension properties were significantly affected not only by the 
amount of the suspended particles but also by their size.  When the same amount is loaded, the 
smaller particle size increases the total free surface area, which results in increase of the total 
surface free energy [121].  Moreover, the surface tension of the suspension affects the deposited 
structure.  The morphology of the deposited structure becomes more uniform at a lower surface 
tension due to enhanced wetting that helps to enlarge the droplet spread area upon contacting the 
surface and allows merging of these droplets [124].   
Using Eqn. (1), the droplet sizes for various conditions were calculated as shown in 
Figure 3.4.  It can be noticed that the change in droplet size is reversed depending on the size of 
the suspended particle.  As mentioned earlier, the surface tension and density have the opposite 
effect on atomization droplet size as the particle loading is increased.  Since the change in 
surface tension is much lower for larger particles as the loading is increased, the droplet size 
decreased for larger particles with increasing loading (see Figure 3.4 (a)).  However, for the 
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typical range of suspension concentration used in spraying, atomization droplet size is largely 
determined by the nozzle frequency as shown in Figure 3.4 (b).  Since the spray system has a 
fixed nozzle frequency of 120 kHz, the expected droplet size is in the order of 15 µm. 
          
Figure 3.4 (a) Prediction of the atomization droplet size, and (b) prediction of the droplet 
size from the atomization using different atomization frequencies 
The final deposited droplet size may vary depending on the evaporation and drying 
dynamics of the droplet when it contacts the heated surface [125].  Because the prediction of the 
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final droplet size before colliding into the substrate is complex, the deposition patterns of single 
droplets were experimentally measured.  A single pass spray was applied on the heated substrate 
with a fast spraying speed of 100 mm/sec.  The spraying was performed using a 0.1 wt.% SiC 
(80 nm)-ethanol suspension at 190C, under air pressure of 0.5 kPa, and with a suspension flow 
rate of 0.25 ml/min.  SEM images of the single droplets are shown in Figure 3.5. 
 
Figure 3.5 An atomized droplet deposited by a single pass experiment 
It can be observed that nanoparticles form coffee ring patterns upon deposition and tend 
to cluster at the gas-liquid interface of the droplet [59].  Ring-like stains are commonly seen in 
the drops containing dispersed solutes.  When the particles are homogeneously dispersed in the 
suspension droplet, the droplet spreads and the suspension begins to evaporate as soon as it 
collides with the surface.  At the gas-liquid contact line, the suspended particles begin to deposit 
and cause the pinning of the contact line.  Upon further evaporation, the droplet shrinkage is 
hindered in the horizontal direction, but it is allowed in the vertical one.  The pinning of the 
contact line causes the migration of the liquid to the contact line to replenish the evaporated 
liquid.  As a result, the particles carried by the liquid deposit and cluster at the contact line [126].  
The size of the deposited droplet patterns varies in a wide range with a minimum of few microns 
to a maximum of about 50 µm.  Most of the patterns, however, ranged between 20 and 50 µm, 
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which are larger than the initially estimated atomized droplet size of 15 µm, since the droplets 
spread due to the momentum as soon as it contacts the surface. 
The effect of the flow rate on the deposited structure is shown in Figure 3.6.  The samples 
were sprayed using a 0.1 wt.% SiC (80 nm)-ethanol suspension at the heat plate temperature of 
220C, under the air pressure of 0.5 kPa, and at the flow rates of 0.25–1.00 ml/min.  As the flow 
rate increased, the SiC cluster size increased.  Figure 3.6 (d) and (f) show that the SiC particles 
form a continuous line of segregated particles, which is interrupted by large clusters of SiC 
nanoparticles.  The formation of such clusters during evaporation depends on the evaporation 
time of the suspension during its transportation to the substrate and after deposition.  As the flow 
rate increases, the amount of liquid phase transported during spraying is higher, resulting in a 
longer evaporation time.  The presence of a relatively large amount of the liquid phase on the 
deposition substrate allows the suspended particles to segregate and cluster at the contact lines.  
In contrast, spraying at a lower flow rate will help improve the uniformity and homogeneity of 
the deposited microstructure.  The deposited structure will be favored with relatively smaller 
discontinuous nanoparticle clusters with a narrower clusters size distribution (Figure 3.6 (a)).  
For the 0.25 ml/min sample, the deposited nanoparticle cluster size varied from a single particle 
(80 nm) up to 20 µm.  For the 1.00 ml/min sample, small clusters were observed in the range of 
few particles up to 70 µm.  Naoki et al. [127] reported similar results where they studied the 
effect of the spraying time on the uniformity of the deposited structure.  They reported that the 
shorter the spraying time (a smaller spraying amount) resulted in an evenly coated surface with a 
uniform structure while the longer one resulted in a non-uniform, highly textured deposited layer 
[127]. 
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Figure 3.6 Effect of flow rate on the deposition structure (a, b) 0.25 ml/min, (c, d) 0.5 
ml/min, and (e, f) 1.0 ml/min 
As the flow rate increases, the deposited structure becomes more porous.  In a typical 
spraying environment, the deposited structure is formed by the accumulation of the sprayed 
particles of each spraying pass.  The morphology and texture of the dried deposited layer affect 
the drying dynamics of the successive sprayed layer [128].  When the dried deposited layer 
surface is rough (with high peaks and low valleys), the freshly deposited droplets dry on the 
peaks and do not fill the cavities on the surface due to the surface tension forming porous 
structures [127].  
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The effect of the deposition surface temperature is shown in Figure 3.7.  The spraying 
was performed using a 0.1 wt.% SiC (80 nm)-ethanol suspension under an air pressure of 0.5 
kPa, and with a suspension flow rate of 0.25 ml/min.  At lower temperature, the suspension 
evaporation is slow and leads to agglomeration of the sprayed droplets.  While evaporating, the 
nanoparticles begin to form larger clusters, which are continuous in the spraying direction and 
have lateral peripheral branches that grow perpendicular to the spraying direction as shown in 
Figure 3.7 (a) and (b).  These peripheral branches are caused by fingering instability [125].  The 
instability occurs at the three phase contact line (gas, liquid, and particle) [129].  At higher 
temperatures, the evaporation rate is higher, thus leading to the reduction of the droplet size 
during travel [130].  A complete evaporation of relatively fine droplets may occur before they 
even reach the surface [131], which results in a loss of particles and prevents deposition.  
Moreover, the heated surface generates thermophoretic forces in an upward direction against the 
droplet movement.  These forces contribute to the drag forces that hinder the droplet freefall and 
cause the droplets to deviate from their expected trajectory.  For smaller droplets, the deviation 
from the droplet trajectory is greater than that of the relatively larger ones [86].  If complete 
evaporation occurs, the suspended particles do not have enough inertia to reach the substrate, and 
therefore, they are carried away from the substrate.  The inertia of the traveling droplet needs to 
be above a critical value in order to overcome the thermophoretic forces and to be successfully 
deposited on the surface [81].  As seen in Figure 3.7 (e) and (f), the substrate is nearly free from 
any particle deposition at 255ºC. 
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Figure 3.7 Effect of temperature on the deposition structure, (a, b) 140ºC, (c, d) 220ºC, and 
(e, f) 255ºC 
Figure 3.8 shows the effect of spraying air pressure on the deposited microstructure.  The 
samples were sprayed using a 0.1 wt.% SiC (80 nm)-ethanol suspension at 220ºC, with a 
suspension flow rate of 0.25 ml/min, and at air pressure settings of 0.25, 0.5, and 1.0 kPa.  At the 
lowest air pressure (0.25 kPa), no SiC particles were observed on the substrate.  This may be due 
to the lack of the force driving the nanoparticles to deposit on the substrate.  As the droplet 
travels towards the substrate, the droplet velocity decays due to the air drag and thermophoretic 
forces [86].  At lower air pressure, the droplets take longer time to reach the substrate, which 
leads to partial or complete evaporation during travel.  This can result in loss of particles as 
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discussed earlier.  The sample sprayed under an air pressure of 0.5 kPa showed a wide range of 
nanoparticle cluster size distribution as shown in Figure 3.8 (a) and (b).  As the air pressure 
increased to 1.0 kPa, only relatively larger nanoparticle clusters were present on the deposition 
surface, while smaller sized clusters were nearly absent.  It is speculated that the violent air 
streams from higher air pressure blew away the weakly attached deposited clusters [127].  The 
nozzle distance from the deposition substrate had an effect similar to the effect of the air 
pressure.  There was no deposition of nanoparticles if the nozzle was either too close (D = 15 
mm) or far (D = 50 mm) from the substrate.  As a result, only a limited nozzle distance range 
was available for each combination of spraying parameters. 
 
Figure 3.8 Effect of air pressure on the deposition structure, (a, b) 0.5 kPa and (c, d) 1.0 
kPa 
The potential of fabricating laminate composites reinforced with SiC nanoparticles via 
ultrasonic spraying was assessed by performing a three point bend test on synthesized 
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composites.  The eventual deposited amount of SiC on the substrate was measured for the 
spraying condition used to fabricate the composites (T=220ºC, P=0.5 kPa, and Q=0.25 ml/min).  
A direct measurement of the deposited amount for each coupon, which requires 6-24 spray 
passes, was not possible since the amount deposited fell below the resolution of the balance 
(0.0001 g).  For this reason, the suspension was sprayed for 200 passes on 10 coupons, and the 
average deposition per pass was determined [132].  The measured deposition amount per pass 
was 0.0255 g/m2. 
The flexural stress and strain were calculated from the measured force and displacement 
data using Eqns. (3.2) and (3.3) [39]. 
22/3 whPLfl   (3.2) 
2/6 Lhdcfl   (3.3) 
σfl and εfl are the flexural stress and flexural strain, respectively.  P is the load, L is the 
support span, w and h are the width and depth of the specimen, respectively, and dc is the 
deflection at the middle of the span.  
The measured flexural stress and strain curves of the Al6061-SiC composites are plotted 
in Figure 3.9 along with the reference Al6061 unsprayed but processed at the same condition.  In 
general, the strength of the reinforced composite increased with the addition of the SiC 
nanoparticles, while the ductility was unchanged.  For the Al6061-0.3 wt.% SiC, the yield and 
the ultimate flexural strength increased by 32% and 15%, respectively.  That can be attributed to 
the local reinforcement of the composite at the interfaces of the consolidated sheets.  The 
presence of the soft ductile zones separating the reinforced hard zones helped to preserve the 
ductility of the composite.  Unfortunately, the SiC loading percentage, using the spraying process 
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is limited; only, a very small amount can be sprayed at the surface.  When the SiC loading 
increased to 0.6 wt.%, no further increase in the strength was noticed.  Upon spraying more SiC, 
the thicker layer hindered the bonding of the foils and resulted in lower mechanical properties 
[30, 36].  Samples were prepared with high loading percentages   
 
Figure 3.9 Effect of SiC loading on the flexural stress – strain curves of Al6061-SiC 
composites 
The fracture surfaces of the Al6061-SiC composites were examined under the SEM.  In 
Figure 3.10, the SiC reinforcement layers from the fracture surfaces of the Al6061-SiC 
composites are presented.  For the Al6061-0.3 wt.% SiC composite, Figure 3.10 (a) shows that 
the SiC particles have been bonded.  It is speculated that the SiC particles are fused by the liquid 
phase from the Al6061 that penetrated through the particles during consolidation.  For the 
Al6061-0.6 wt.% SiC composites, a few regions were observed with SiC particles that did not 
consolidate and were still granulated as shown in Figure 3.10 (b).  As the thickness of the SiC 
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nanoparticle layer increases, liquid phase penetration into the SiC particles becomes more 
difficult.  The bond is strong where the liquid phase penetration is present and weaker beyond 
the penetration limit. 
 
Figure 3.10 SEM images of SiC reinforcement layer on the fracture surfaces of (a, c) 
Al6061-0.3 wt.% SiC composite; (b, d) Al6061-0.6 wt.% SiC composite 
Figure 3.11 (a) and (b) show the fractured Al6061 surface corresponding to the 
delaminated reinforcement surface for the Al6061-0.3 wt.% SiC and Al6061-0.6 wt.% SiC 
samples, respectively.  Both composites showed the presence of ductile dimples on the Al6061 
surface, which indicated formation of a robust bond at the interface and the mechanical load was 
transmitted.  
Comparing Figure 3.11 (a) with Figure 3.11 (b), the 0.6 wt.% SiC sample still had pieces 
of the reinforcement particles attached in the vicinity of the ductile dimples.  On the other hand, 
the fractured Al6061 layers of the 0.3 wt.% SiC composite were mostly free of the reinforcement 
particles.  The observation indicated that the delamination may have occur through the weakly 
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bonded reinforcement region for the 0.6 wt.% SiC composite.  In addition, submicron-size 
ductile dimples were also observed on the surfaces of the fractured SiC reinforcement layer on 
both samples, the 0.3 wt.% SiC and the 0.6 wt.% SiC,  which are shown in Figure 3.12. 
 
Figure 3.11 SEM images of Al6061 layer on the fracture surfaces of (a) Al6061-0.3 wt.% 
SiC composite; (b) Al6061-0.6 wt.% SiC composite 
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Figure 3.12 SEM images of reinforcement layer on the fracture surfaces of (a, c) Al6061-0.3 
wt.% SiC composite; (b, d) Al6061-0.6 wt.% SiC composite 
 Figure 3.13 shows the flexural strength and strain of the consolidated samples with 
different SiC (80 nm) loadings (0.15–0.6 wt.% SiC).  The samples were sprayed at 220ºC, with a 
flow rate of 0.25 ml/min under a pressure of 0.5 kPa and from a distance of 25 mm.  The 
addition of SiC at the interface between the consolidated layers increased the yield strength of 
the composite.  The ultimate flexural strength, however, was only marginally improved 
compared with the unreinforced sample.  The SiC reinforcement strengthened the composite 
until the yield, but did not change the hardening behavior since it was primarily governed by the 
AZ31 substrate material properties.  An excessive amount of SiC loading at the interface resulted 
in degradation of mechanical properties as observed for 0.6 wt.% SiC sample in Figure 3.13.  
Too thick of a layer of SiC nanoparticles prevented bonding of the AZ31 sheets. 
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Figure 3.13 Flexural stress-strain curves of the consolidated AZ31-SiC composites 
To compare the effect of the deposition layer morphology on the mechanical properties 
of the composite, a sample was synthesized with high flow rate (1.0 ml/min) while the other 
parameters were kept the same.  Such spraying conditions led to a nonuniform layer with large 
porous nanoparticle clusters (see Figure 3.6), and the synthesized composite showed poor 
mechanical properties (see Figure 3.13).  As mentioned in earlier discussion, a high flow rate 
resulted in the formation of large SiC clusters and a highly porous deposition microstructure.  
The large clusters introduced uneven distribution of nanoparticles at the interface, and porous 
sites may act as crack nucleation points, which contribute to early failure of the composite.   
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3.4 Conclusions 
In this study, the dispersion and control of the deposited SiC nanoparticles were 
investigated using the ultrasonic spraying process.  The ultrasonic spray deposition is governed 
by the suspension properties and the spraying parameters.  The conclusions from this work can 
be summarized as the following:   
 The atomization droplet size was largely affected by the nozzle vibration frequency while the 
suspension parameters only had a limited influence.  According to Eqn (1), The change in 
suspension concentration up to 16 wt.% SiC only resulted in droplet size variation of 
approximately 1 µm.  
 The deposited nanoparticle cluster size and morphology were affected by two main factors: 
the driving force that transports the atomized droplet from the nozzle to the substrate, and the 
evaporation behavior of the droplet (the amount of liquid phase present on the substrate and its 
evaporation rate).  The amount of the liquid phase on the substrate and its evaporation rate were 
determined by the flow rate and the deposition surface temperature.  The driving force is mainly 
determined by the air pressure and the nozzle to substrate distance.     
 Having a large amount of liquid phase present on the substrate and low evaporation rate 
increased the nanoparticle cluster size and resulted in nonuniform deposition microstructure.  
Although a minimum inertia for the droplet is required for deposition of nanoparticles, violent air 
streams may destruct the deposited structure.     
 The use of ultrasonic spraying of nanoparticles showed a promising potential to fabricate 
laminate composites.  AZ31-0.3 wt.% SiC composites with uniformly deposited microstructure 
at the interface showed an improvement in the flexural yield strength by 49% compared with the 
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unreinforced AZ31, while composites with nonuniform structure or thicker deposition layer 
exhibited deterioration in mechanical properties.   
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CHAPTER 4 FABRICATION OF PATTERN REINFORCED AZ31 MULTILAYER 
COMPOSITE USING ULTRASONIC SPRAY DEPOSITION 
4.1 Introduction 
The outstanding mechanical behaviors of natural biological materials, such as wood, 
bones, shells, bird beak, etc., have attracted the interests of many researchers [29, 133-136].  The 
properties of these biological composites are often superior to the theoretically averaged 
properties of its constituents [136] due to their complex multiscale structures.  A multilayer 
structure with controlled interface, structural gradients, hierarchical structures may yield a 
combination of favorable properties in strength, hardness, damage control, and fracture 
toughness, which cannot be obtained in conventional composites by simply dispersing particles 
or fibers [2, 137].    Many numerical testing and modeling work have been conducted to 
evaluate, optimize, and investigate hierarchical composite structures [1-5].  One of the 
biomaterials known for the strength and toughness is the nacre of a sea shell, which consists of 
multilayers of brick-and-mortar structure.  The deformation mechanism of the nacre has been 
studied by several researchers [138, 139].  Some of its key structural characteristics that allow 
extraordinary strength and toughness despite the brittleness of its constituents are the layered 
brick-and-mortar configuration, the interlocking behavior between the platelets, the 
nanostructure within the platelets [138], and the structured interfaces with interpenetrating, 
gradient nanostructure [7].  In a recent study, Mishnaevesky et al. conducted a computational 
micromechanical study on the effects of nano-engineered interfaces in biocomposite materials on 
mechanical properties [7] and concluded that nanostructured interfaces is a promising approach 
to tailor the material deformation and mechanical properties. 
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  Metal matrix composites (MMCs) produced nowadays have been limited to rather 
simple structures of dispersing reinforcing particles or fibers in the matrix phase.  The traditional 
fabrication routes for MMCs, such as milling and blending [14-18], powder metallurgy [19-23], 
melt processing [24-26], and others [27, 28], are not capable of creating such complex 
hierarchical structures.  A more versatile, flexible, scalable manufacturing method is needed to 
realize such sophisticated designs in MMCs [29].   
In this study, a unique fabrication method that used ultrasonic spraying to deposit 
microscale patterns on sheets was developed to create custom structures in MMCs.  Various 
techniques have been used in material coating or surface deposition, such as tape casting [75], 
thermal plasma spraying [77], electrostatic spray deposition [78], spray deposition [79], and 
ultrasonic spray deposition [81].  Among those techniques, ultrasonic spraying offers several 
unique characteristics.  The ultrasonic spraying nozzle vibrates at high frequency using two 
piezoelectric discs and an amplifier.  This makes the liquid leave the nozzle tip in the form of 
mist that has a narrow droplet size distribution and a very low spraying velocity in the order of 1 
m/s compared with other spraying techniques [82], which help control the spatial distribution of 
deposited particles as well as the deposition structure [140, 141] .  The technique also allows 
accurate control of the deposition rate [86] and deposition structure [81, 87].  In a recent study by 
Bastwros and Kim, ultrasonic spraying was used to deposit SiC nanoparticles on AZ31 foils to 
fabricate laminate composites [141].  A considerable enhancement in the yield strength was 
reported compared with the unreinforced layered AZ31.   
In this study, an AZ31 composite panel with custom pattern reinforcement structure has 
been fabricated with an ultrasonic spraying method.  The panels consist of multilayer of AZ31 
foils with nanostructured micro-pattern reinforcements at the interface.  The micro-patterns were 
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created by spraying through a mask layer.  After deposition, the foils were stacked and hot 
pressed in the semi-solid temperature range to consolidate into a composite panel.  Three point 
bend test and small punch test (SPT) were performed to measure the mechanical properties of the 
composite.  Nanoindentation and scanning electron microscopy analysis were used to evaluate 
the mechanical behavior and to analyze the chemical composition of the developed 
reinforcement phases. 
4.2 Experimental procedures 
An ultrasonic deposition system (Exacta-Coat Ultrasonic Coating System, Sono-Tek 
Corp.), as shown in Figure 3.1, was used to perform the spraying.  The system features Sonic 
Syringe that provides bursts of vibration to prevent the suspended particles from sedimentation 
and agglomeration.  The spraying parameters considered to study pattern deposition includes 
deposition surface temperature (T), spraying suspension flow rate (Q), spraying air pressure (P), 
nozzle vibration frequency (f), and the nozzle distance (D), which have been found to be 
important [81, 82].  A mask pattern was used to analyze the deposition of structures using 
spraying method.  The spraying suspension was prepared by adding 80 nm SiC particles into 
ethanol with loading of 0.1 wt.% SiC.  Figure 4.1 shows a schematic overview of the spraying 
process and the patterned mask used.  The pattern holes are 200 µm in diameter with a total 
mask opening area of 20%.  The suspension was sprayed for 5 min.  The detailed spraying 
conditions and parameters are summarized in Table 4.1. 
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Table 4.1 Summary of the spraying parameters and their values 
Parameters Values 
Reinforcement material Nano SiC (< 80 nm) 
Suspension medium Ethanol + 0.1 wt.% SiC 
Sonication time 6 hours 
Temperatures (T) 160, 190, and 220°C 
Flow rates (Q) 0.25, 0.5, and 1.0 ml/min 
Air pressure (P) 0.25, 0.5, and 1 kPa 
Distance (D) 20, 25, and 30 mm 
Spraying speed (V) 0, 1, 5, 10 mm/s 
Spraying time (t) 5 min 
Nozzle frequency (f) 120 kHz 
 
A nanoparticle suspension with a mixture of 0.05 wt.% SiC nanoparticle (80 nm) and 
0.015 wt.% Al6061 particles (1.73 µm) was prepared for spraying to fabricate the composite.  
The suspension was prepared using ultrasonic bath.  The sonication was performed in two steps.  
In the first step, each particle specie was suspended and dispersed separately in an ultrasonic bath 
for 6-8 hours.  Then, they were mixed and sonicated for another 4-6 hours prior to spraying.  The 
spraying parameters that were used are as follows: deposition surface temperature (T) = 190°C, 
spraying suspension flow rate (Q) = 0.25 ml/min, spraying air pressure (P) = 0.5 kPa, nozzle to 
substrate distance (D) = 25 mm, and a spraying nozzle speed (V) = 5 mm/s [141].  The spraying 
was performed through a mask with the desired pattern to deposit the particles on the AZ31 foils.  
The detailed spraying conditions and parameters are summarized Table 4.2. 
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Figure 4.1 (a) Schematic overview of the spraying process, (b) patterned mask, and (c) 
spraying path 
After spraying the SiC and Al6061 particles on coupons of AZ31 foils, the coupons were 
stacked together and consolidated.  The AZ31-SiC/Al6061 composite panel comprised 14 layers 
of AZ31 foils (~100 µm thick) with sprayed patterns at the interfaces.  The chemical composition 
of the AZ31 foil is provided in Table 3.2.   
The experimental setup used for composite synthesis is shown in Figure 2.1.  The die was 
made of H13 tool steel and was lubricated by spraying a thin layer of boron nitride to prevent 
potential reaction between the material and the die at elevated temperatures.  The consolidation 
was performed in two stages.  First, the sheets were stacked together and pre-compacted at 100 
MPa, and then a pressure of 50 MPa was applied on the sample during heating and consolidation 
of the sample.  The sample was heated to 610°C and then held for 20 min.  The liquid phase 
percentage at this temperature is approximately 9%. 
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Table 4.2 Summary of the spraying parameters and their values for composite fabrication 
Parameters Values 
Nanoparticles Nano SiC (< 80 nm), Al6061 (1.73 µm) 
Suspension medium Ethanol + 0.05 wt.% SiC + 0.015 wt.% Al6061 
sheet thickness 90-100 μm 
Temperatures (T) 190°C 
Flow rates (Q) 0.5 ml/min 
Air pressure (P) 0.5 kPa 
Distance (D) 25 mm 
Spraying speed (V) 5 mm/s 
Number of spraying passes 25 pass 
Nozzle frequency (f) 120 kHz 
 
Two different tests were used to evaluate the mechanical behavior of the fabricated 
composites: the three point bend test and SPT.  For the three point bend test, the synthesized 
composites were cut using a diamond saw and were polished to the final dimensions of 0.9 mm 
in thickness and 1.2 mm in width.  The flexural stress and strain were recorded using the 
materials testing system.  The SPT was carried out using an experimental device as shown in 
Figure 4.2, which was mounted on a universal testing machine.  The experimental setup included 
the disc specimen, a 6 mm diameter ceramic ball, and a specimen holder that consisted of an 
upper and lower die on which the sample was placed and centered.  The sample was placed 
between the upper and lower dies and tightened uniformly with clamping screws.  The crosshead 
speed was 0.2 mm/min, and the values of the load and cross head displacement were recorded 
simultaneously over time. 
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Figure 4.2 Small punch test (a) small punch test setup, (b) cross sectional view of the SPT 
Scanning electron microscope (FEI Quanta-250 field-emission scanning electron 
microscope) and energy dispersive spectroscopy (EDS) technique were used to examine the 
pattern deposition (before consolidation) and the fracture surface.  Nanoindentation was used to 
estimate the mechanical properties of the reinforcement phase.  
4.3 Results and discussion 
4.3.1 Nanoparticle deposition 
The spraying parameters significantly influence the deposition structure of the 
nanoparticles.  The critical ones are the deposition surface temperature (T), spraying suspension 
flow rate (Q), spraying air pressure (P), and the nozzle to substrate distance (D) [81, 82].  In the 
previous study by Bastwros and Kim [141], the effects of those parameters on the deposition 
structure were investigated to fabricate layered composite with uniform spraying without the 
mask pattern.  In this work, the effect of these parameters and the spraying traveling speed (V) 
on the pattern deposition is investigated. 
The effect of the flow rate on the deposited structure is shown in Figure 4.3.  The samples 
were sprayed at flow rates of 0.25–1.00 ml/min while other parameters were held constant.  As 
the flow rate increased, the amount of liquid phase transported during spraying was higher, 
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resulting in a longer evaporation time.  Therefore, at higher flow rate, the pattern totally 
disappeared due to the remnant liquid phase ethanol that did not evaporate and accumulated on 
the substrate [81]. The liquid phase ethanol sipped into the gap between the mask and substrate 
destroying the pattern structure.  At lower flow rates, the patterns were well defined, but the 
deposited layer was thin.   
 
Figure 4.3 Effect of flow rate change on the deposition structure with spraying condition at 
T=190 ̊C, D=25 mm, and P=0.25 kPa 
Figure 4.4 shows the effect of the temperature on the deposited structure.  The 
temperature range tested was 160–220°C.  At the higher temperature (220°C), the ethanol 
evaporated before it reached the substrate resulting in loss of nanoparticles [81].  Moreover, the 
heated surface generates thermophoresis forces in upward direction against the droplet 
movement.  These forces add to drag forces that hinder the droplet freefall and cause the droplets 
to deviate from their trajectory.  For smaller droplets, the deviation from the droplet trajectory is 
greater than that of the relatively larger ones [128].  If complete evaporation occurs, the 
suspended particles do not have enough inertia to reach the substrate [131], and therefore, they 
are carried away from the substrate.  However, the pattern was more uniform and denser 
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compared with the structure deposited at lower temperatures.  At the lower temperature (160°C), 
the ethanol did not evaporate until it reached the substrate.  The resulting structure showed that 
some SiC nanoparticles were carried under the mask layer causing deposition outside the pattern 
area.  The temperature should be selected such that the ethanol evaporates immediately after 
delivering the nanoparticles on the substrate for precise pattern formation.  Substrate temperature 
is considered very important for final film morphology and should be higher than the boiling 
temperature of the suspension liquid [94]. 
 
Figure 4.4 Effect of temperature change on the deposition structure with spraying 
condition at Q=0.25 ml/min, D=25 mm, and P=0.25 kPa 
Figure 4.5 shows the effect of air pressure on the deposited structure.  The samples 
were sprayed at different air pressures of 0.25, 0.50, and 1.0 kPa.  At the lowest air pressure 
(0.25 kPa), uniform structure and pattern formation was observed, but the structure was not as 
dense as structures obtained at higher pressures.  It may be due to the lack of driving force to 
deposit the nanoparticles through the mask.  As the droplet travels towards the substrate, the 
droplet velocity decays due to the air drag and thermophoresis forces [128], and evaporation 
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occurs which can cause loss of particles [94].  The inertia of the traveling droplet needs to be 
above a critical value in order to overcome the thermophoresis forces and to be successfully 
deposited on the surface [81].  As the air pressure increased, higher amount of accumulation 
and densification were observed.  However, at the highest pressure (1.0 kPa), the violent air 
stream destructed the deposited structure [127]. 
 
Figure 4.5 Effect of air pressure change on the deposition structure with spraying condition 
at T=190 ̊C, Q=0.25 ml/min, and D=25 mm 
Figure 4.6 shows the effect of spraying distance (nozzle tip to substrate distance) on the 
deposited structure.  The samples were sprayed from different spraying distances: 20, 25, and 30 
mm.  For the 30 mm and 25 mm samples, the structures are comparable.  For the 20 mm sample, 
the pattern was not uniform, and some of the particles were found between the patterns.  That 
could be attributed to the violent force of the air stream, which destroyed the deposited structure 
by partially flushing the previously deposited particles and spreading them randomly on the 
substrate [127]. 
 
58 
 
 
 
Figure 4.6 Effect of spraying distance change on the deposition structure with spraying 
condition at T=190 ̊C, Q=0.25ml/min, and P=0.25 kPa 
  A suspension with a mixture of 0.05 wt.% SiC nanoparticle (80 nm) and 0.015 wt.% 
Al6061 particles (1.73 µm) was sprayed using different spraying nozzle speeds.  Figure 4.7 
shows the effect of spraying speeds on the deposited structure.  There are three speeds that were 
used: 1, 5, and 10 mm/s.  For the slow spraying speed (1 mm/s), the deposited pattern was 
present on the substrate, but some of the sprayed particles were carried under the mask resulting 
in deposition outside the pattern holes.  In addition, considerable amount of segregation of the 
sprayed particles was observed along the periphery of the patterns.  This may be due to the large 
amount of liquid phase present on the foil surface [141], where the air flow may transport 
nanoparticles towards the periphery and trap them until suspension is evaporated [140]. 
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Figure 4.7 Effect of spraying speed on the deposition structure, (a, b) 1 mm/s, (c, d) 5 mm/s, 
and (e, f) 10mm/s 
When the spraying nozzle speed is increased to 5 mm/s, the deposited pattern was 
acceptable with well-defined patterns and with fewer particles carried between the patterns.  An 
equilibrium state was reached between the amount of liquid phase that reach the surface and the 
evaporation caused by heating the plate temperature [81].  Increasing the spraying speed up to 10 
mm/s resulted in a well-defined pattern but with a minor clustering at the periphery of some of 
the patterns in the spraying direction.  Both 5 and 10 mm/s settings may be used for spraying a 
well-defined pattern. 
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In Figure 4.7, the deposition structure of the pattern, Level 1, has been confirmed.  The 
nanostructure of pattern feature, Level 2, was examined to confirm the mixing and dispersion of 
its constituents (SiC and Al6061 particles).  Figure 4.8 shows SEM image of the deposited 
particles using the spraying parameters mentioned in Table 4.2.  In addition, elemental analysis 
of the deposited structure was conducted using EDS to locate Mg, Si, and Al.  The Al6061 
particles are well dispersed within the SiC particles.  Theoretically, the ratio between the weight 
of the SiC particles and the Al6061 particles is 3:1.  The EDS map of Al content (Figure 4.8 (b)) 
shows less amount of Al present.  This may be due to either the Al6061 particles are covered by 
SiC particles or its amount is relatively small to be detected by the detector.   
 
Figure 4.8 (a) SEM image of AZ31 substrate sprayed with SiC/Al6061 particles, (b) EDS 
map of Al distribution, (c) EDS map of the Mg distribution, and (d) EDS map of the Si 
distribution 
(a) 
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(b) 
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4.3.2 Composite consolidation 
After the spray deposition of the patterns on the AZ31 coupons, a layered composite was 
prepared by stacking the coupon together and consolidating them.  The AZ31 sheets have an 
average thickness of 100 µm.  The SiC/Al6061 particle mixture was sprayed using the spraying 
condition summarized in Table 4.2.  The spraying with the mask resulted in the SiC particle 
loading of approximately 0.12 wt.% SiC and 0.04 wt.% Al6061.   
The three point bend test results are shown in Figure 4.9 for the AZ31 (layered, no 
pattern, unsprayed) and AZ31 composite with patterns.  The behavior of the sprayed composite 
showed an increase in the strength compared with that of the unsprayed AZ31 sample.  The 
flexural yield and ultimate strength of the patterned sample increased by 75%  and 18% 
compared with the unreinforced sample, respectively.   
  
Figure 4.9 Flexural stress-strain curves of the consolidated samples 
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It is speculated that the strength increase in the patterned composite may be due to the 
combined effect from the pattern reinforcement and its interaction at the interface.  Although the 
shape and spacing differ from the brick-and-mortar structure in nacre, some insights may be 
obtained from the analysis.  The brick-and-mortar structure under tensile loading follows load 
transfer path of the tension-shear chain, where the hard, reinforcement patterns are under tension 
and the relatively soft matrix is under shear [134].  This configuration allows better distribution 
of the stresses and deformation within the composite, which have better utilization of the 
maximum properties of the components [142].  Once the damage initiates, the crack propagates 
until it reaches an interface, either the AZ31/AZ31 interface or the AZ31/reinforcement.  
Depending on the interface characteristics, the crack may either deviate trying to find a weaker 
path to propagate or may be arrested until the stress level increases to allow the crack to 
overcome the interface barrier [113].  The deboning of the interface and the shearing of the soft 
phase (matrix) during the crack propagation help to increase the fracture energy absorption 
during the deformation [7]. Moreover, the interlocking behavior between the reinforcement 
phase and the matrix increase the composite strength and toughness.   
 After the three point bend test, the sample was manually bent until fracture to analyze 
the fracture surface.  Figure 4.10(a) shows a lower magnification of the fracture surface.  Local 
debonding is shown between the layers caused by shearing along the interface [133].  The crack 
propagate under tensile stresses (mode I) passing across the AZ31 layer until it hits an interface.  
If the interface is strong enough, the crack path deviate and propagate under shearing stresses 
(mode II) through the weak zones along the interface until the stress level allows the crack to 
propagate across the layer again.  The additional shear component makes the crack path deviates 
from original direction increasing the travel path, which increases the absorbed fracture energy 
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during deformation [113, 133].  An in-depth analysis of the fracture surface was performed under 
the SEM to locate the pattern structure after consolidation as shown in Figure 4.10(b) at higher 
magnification.  Using EDS, the elemental map of Al, Si, and Mg for the surface was constructed.  
By matching the Si map with the SEM image, the reinforcement pattern was partially located 
surrounded by an unreinforced zone, which supports that the pattern was not destroyed during 
stacking, compaction, or sintering.  Al was not detected at this magnification because the Al 
amount was relatively small compared with the SiC and the AZ31 that represent the background 
signal.  
 
Figure 4.10 Patterned composite fracture surface (a, b) SEM image of fracture surface, (c) 
EDS map of the Mg distribution of SEM image “b”, and (d) EDS map of the Si distribution 
of SEM image “b” 
At the higher magnification of the fractured surface, Figure 4.11 shows the reinforcement 
zone shown in Figure 4.10(b) and the corresponding Al, Si, and Mg elemental EDS map.  The 
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maps clearly locate the Si and the Mg element and locate the Al content as well but with some 
signal noise as the Al in included in AZ31 alloy composition.  The Al and Si match well, and the 
Mg map agrees well with the darker spots in the Si map.  These zones are marked on the SEM 
image in Figure 4.11(a).  It can be seen that the reinforcement zone fractured into discrete pieces 
but is still attached to the AZ31 surface, which may indicate a gradual failure at the interface.  In 
addition, ductile dimples are observed on the AZ31, which shows that there is considerable 
bonding between the reinforcement phase and the AZ31 layers to allow load transfer [140]. 
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Figure 4.11 Fracture surface (a) higher magnification of the reinforcement phase, (b) EDS 
map of the Mg distribution, (c) EDS map of the Si distribution, and (d) EDS map of Al 
distribution. 
Figure 4.12 shows an opened crack at the reinforcement zone on the fracture surface.  It 
is noticed that the reinforcement phase is attached to the AZ31 surface.  For the reinforcement 
layer, the fracture has an angle of 90º, which indicates a brittle fracture that cannot accommodate 
plastic deformation compared with the AZ31 phase. 
 
Figure 4.12 SEM image of the reinforcement layer attached to the AZ31 sheet. 
The interpenetration of the AZ31 phase and reinforcement particles helps to generate a 
gradual transition of properties to avoid sharp interfaces.  Examination of Figure 4.11 shows that 
the surface topography of both the AZ31 phase and the reinforcement phase is relatively rough 
(full of nano-asperities).  Due to the nanostructure of reinforcement phase and the presence of the 
liquid phase (AZ31) during semi-solid sintering, the interface between the reinforcement and 
matrix phases is interpenetrating.  The interpenetration of the AZ31 phase within the 
Reinforcement 
AZ31  
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reinforcement phase was also detected by the EDS as shown in Figure 4.13.  This may generate 
additional resistance to the crack propagation by dissipating additional energy at the interface 
through debonding and shearing of these nano-asperities.  Mishknaevsky et al. suggested that the 
structured interfaces with interpenetrating, gradient nanostructures increase the toughness of  
biomaterials [7].  Katti et al. simulated the nano-asperities in the platelets/bioplolymer interfaces 
in the nacre.  They reported marginal effect on the mechanical properties [143].  Song and Bai 
reported that these interpenetrating interface reinforce the weak interfaces in the nacre and 
control the crack propagation at the interfaces [144].  
4.3.3 Reinforcement phase properties 
To evaluate the composition and mechanical properties, a sample was prepared to 
conduct EDS analysis and to perform nanoindentation test at the reinforcement zone.  The 
sample is composed of two AZ31 coupons sprayed with SiC/Al6061 particle mix at the interface.  
The SiC/Al6061 particle mixture was sprayed at same spraying condition as described earlier.  
One coupon was sprayed for 50 passes and covered with another one.  The two coupons were 
stacked together and consolidated under the same condition as described earlier.   
The sample was cut in the thickness direction using a low speed diamond saw.  The 
sample was then molded and mirror polished to perform the EDS analysis.  EDS was performed 
using a line scan across the reinforcement phase zone to detect the change in the concentration of 
different elemental species (Figure 4.13).  The interface had a thickness of about 4 µm.  The 
matrix is mainly rich of Mg, Al, and Zn while the interface is rich of Si, C, and Al.  It can be 
seen that the Mg is present even at the middle of the reinforcement zone indicating that the liquid 
phase penetrated and diffused through the deposited nanoparticles during consolidation.  This 
increased the bond between the SiC nanoparticles.  Moreover, the Si that reflects the SiC content 
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was absent in the AZ31 phase and gradually increasing near the interface.  Both the Al (from 
Al6061) and the C (from SiC nanoparticles) concentrations were low and did not change at the 
interface, which could be due to their small amounts present on the surface.  From the EDS 
analysis, the reinforcement phase composition concentration can be estimated to be 62% and 
33.3% of AZ31 and SiC phase, respectively. 
 
Figure 4.13 EDS line scan across the interface between two AZ31 foils, and elemental 
diffraction intensity along the line scan with respect to the position on the scanned line 
The reinforcement zone thickness was too small to perform either a macro or a micro-
hardness test, and therefore nanoindentation test was performed to predict the mechanical 
properties of the reinforcement phase.  The test was conducted for both the reinforcement zone 
and the AZ31 phase.  Although the interface was still relatively small to predict accurate 
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mechanical properties, a relative estimation of the reinforcement and the AZ31 phase can be 
provided.  The nanoindentation was performed using a quartz cube corner tip indenter.  Figure 
4.14  shows the AFM images of the surface before and after one of the indentation of both AZ31 
zone and the reinforcement zone.   
 
Figure 4.14 AFM images of the surface topography before and after indentation: (a) AZ31 
zone before indentation, (b) interface zone before indentation, (c) AZ31 after indentation, 
and (d) interface after indentation 
The relative hardness and bulk modulus of the interface with respect to the AZ31 were 
averaging 1.9 and 1.5, respectively.  As a result the interface hardness and bulk modulus will be 
approximately 114 HV (1.123 GPa) and 75 GPa, respectively.  As discussed earlier, the 
reinforcement zone consists of 66% of the matrix phase (AZ31) interpenetrated between the SiC 
and Al6061 particles, which have helped bond the SiC nanoparticles together and justify the 
relatively low mechanical properties of the reinforcement zone reported, compared to the SiC 
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particle properties.  There is relatively small difference between the mechanical properties of the 
reinforcement zone and the matrix phase, which helped reduce the properties mismatch between 
both phases.  The presence of large mismatch in the mechanical properties between the 
reinforcement phase and the matrix phase promote sharp transition of properties at the interface, 
which may affect the efficiency of the load transfer due to the premature interface failure [145].  
Moreover, the interpenetration of the liquid phase (AZ31) between the reinforcement 
nanoparticles during sintering helped generate a gradual transition in the mechanical properties 
between the reinforcement zone and the matrix, which may have helped increase the strength and 
toughness of these composites by enhancing the load transfer efficiency between the 
reinforcement zone and the matrix [7]. 
4.3.4 Small punch test 
The SPT was performed to confirm the mechanical strength enhancement of the patterned 
composite.  The SPT exerts a biaxial loading condition to the sample where the sample will first 
experience bending followed by stretching.  This complex state of stress better reflects actual use 
conditions for panel composites. 
A patterned composite sprayed with SiC and Al6061 particles was fabricated using an 
800 µm pattern size mask on a 19 mm coupon diameter.  The composite consists of 14 layers of 
AZ31 coupons.  The spraying and consolidation conditions are the same as described earlier.  
Figure 4.15 shows the load-displacement curves from the SPT for the patterned and the uniform 
sprayed samples that have a similar amount of sprayed particles.  The unreinforced AZ31 sample 
was included for comparison.  The patterned sample had the highest ultimate load of 1300 N, and 
the uniform sprayed one had 1150 N.   
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As discussed earlier, these patterns may have activated a mechanical interlocking 
mechanism between the reinforcement zone and the matrix phase (AZ31 sheet), which may have 
helped enhance the mechanical behavior.  Moreover, these reinforcement zones are separated  
and surrounded by a soft phase (matrix), which may have enhanced the deformation behavior of 
these composites [60].  In addition, these patterns acted as crack arresting zones that add 
resistance to the crack propagation, which delayed the failure. 
 
 
Figure 4.15 SPT load – displacement curves. 
 
4.4 Conclusions 
In this study, AZ31/ (SiC-Al6061) composite panel was synthesized by spraying ethanol 
suspension of SiC-Al6061 particle mixture on the AZ31 foils.  A custom structure was 
successfully created by spraying the nanoparticles through a patterned mask.  The patterned 
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composite showed an enhancement in the flexural yield and ultimate strength of 75% and 18% 
compared with the unreinforced sample, respectively.  The patterned composite showed higher 
ultimate load and comparable total displacement compared with unreinforced and uniformly 
sprayed sample (same reinforcement amount).  The enhancement in the mechanical properties 
was mainly attributed to the brick-and-mortar configuration that allowed a tension-shear load 
transfer chain between the reinforcement and the matrix phase.  On the nanoscale level, the 
nanostructure of the reinforcement phase helped enhance the damage resistance of the 
reinforcement phase.  The liquid phase introduced during the semi-solid consolidation, combined 
with the nanostructure of the reinforcement phase created an interpenetrating gradient interface 
that may have helped to control the interface debonding and the crack propagation.  Overall, the 
proposed approach was successful in fabricating a complex, multiscale structure in metal 
composites, which showed a considerable enhancement in mechanical properties. 
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CHAPTER 5 MAGNETIC FIELD ASSISTED DEPOSITION OF FERROMAGNETIC 
NANOPARTICLES 
5.1 Introduction and motivation 
The progress in understanding and utilization of the dominant forces and phenomena at 
the nanoscale has advanced the bottom-up nanofabrication, especially in the area of directed/self-
assembly methods [146].  It allows scalable fabrication of multifunctional nanostructured 
materials with exceptional properties [146], unlike the top-bottom nanolithography based 
techniques, which are characterized with relatively high cost, small fabrication scale, and high 
time consumption [125, 147]. Various methods have been implemented in nanoparticle self-
assembly, which include those utilizing evaporation dynamics [125, 140, 141, 148, 149], 
electrophoretic forces [150], elasto-cappilary dynamics [147, 151], gravitational forces [152], 
centrifugal forces [153], electrostatic interaction [154, 155], van der Waals interaction [156], and 
magnetic field [157]. 
Magnetic field assisted assembly in particular has attracted the interest of many 
researchers due to its relatively fast stimuli-response behavior [40, 158].  It has showed 
promising capabilities for use in many applications such as actuators [159, 160],  optoelectronic 
devices [148], optical diffraction gratings [161] and photonic crystal [162], biomedical 
applications [163, 164],  composites [165-167], solar cells [168], electronics, and sensors [169]. 
Magnetic field assisted assembly can be categorized into two main techniques: (i) colloidal 
assembly of particles in a suspension where the magnetic dipole-dipole interaction of the particle 
are the dominant assembly force; and (ii) surface-patterning where a predetermined magnetic 
field gradient pattern is used to selectively attract the magnetic particles towards the designated 
deposition spots on a substrate [40]. 
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Magnetic field can assemble colloidal building blocks into complex secondary structures 
[41].  Under a relatively low magnetic field, magnetic nanoparticles tend to assemble in a 1D 
chain-like structure directed by the particles dipole-dipole interaction [166, 170-175].  By 
increasing the magnetic field, these chains tend to bundle up in a 2D sheet or 3D crystal 
structures [41, 152, 162, 176, 177].  Assembly of particles in various shapes of 1D periodic 
chains [166, 173, 176, 178, 179], 2D sheets [41, 158], and 3D structures [9, 152, 162, 177] have 
been reported depending on the particle size and spatial concentration, inter-particle interactions 
(equilibrium between attractive and repulsive forces), and magnetic field characteristics [180].  
Upon removal of the magnetic field, the assembly does not retain its shape unless a 
complementary step to bond the assembled particle is performed.  Cross linking (e.g. using DNA 
[181] or chemically [40]) or coating of assemblies (e.g. silica coating [176, 179]) have been used 
to retain the assembled shape after removing the magnetic field.  However, the current 
approaches are limited to generating colloidal assemblies with shape configurations mentioned 
earlier.  Complex, custom designed shapes cannot be assembled using this approach.    
Magnetically directed surface-patterning has been a promising approach for direct 
assembly of nanoparticles in custom user-defined shapes.  Magnetic nanoparticle in a spatially 
variable magnetic field will be driven and pulled towards the highest field gradient regions; this 
phenomena is called magnetophoresis [42, 182].  Magnetic manipulation of nanoparticles can be 
a promising approach to selectively deposit nanoparticles if the applied magnetic field is 
precisely modulated.  Different methods have been reported to modulate the magnetic field by 
creating a custom designed pattern of variable magnetic field gradient on a magnetic source to 
assemble magnetic nanoparticles.  Ye et. al. have demonstrated that perpendicular recording 
media can direct self-assembly of magnetic nanoparticles from a colloidal fluid into custom 
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designed patterns deposited at the medium surfaces [42].  Velez et. al. have used magnetization 
mask to selectively magnetize a desired pattern onto a deposited magnetic material film.  They 
were able to deposit nanoparticle with a complex shapes using this approach and to in-situ cross-
linking the deposited nanoparticle into permeant assemblies [40].  Zhang et. al., introduced a 
lithographically patterned nonmagnetic substrate to modulate the local magnetic field 
distribution [41].  Some of these methods, however, involve multiple steps and sophisticated 
instruments to create magnetically patterned source.  One way of patterning the magnetic field 
can be by creating topographical variation on the magnetic source, creating protrusions and 
valleys on the surface.  This topographical variation creates magnetic field gradients on the 
substrate surface with local high magnetic field at the protrusions and lower field at the valleys.  
In this work, we investigated magnetic field patterning by machining (CNC or laser machining) 
user defined patterns directly on the magnetic source.  The magnetic source can be permeant, 
electromagnet, or magnetic material attached to a magnet.  This method is characterized by its 
simplicity, scalability, and low cost.   
Conventionally, magnetically directed surface-patterning has been limited to magnetic 
particles [40].  In this work, we demonstrate the use of magnetically directed surface-patterning 
approach to deposit a mixture of magnetic and nonmagnetic nanoparticles into user-defined 
pattern on a substrate.  The magnetic particles (Fe nanoparticles) were used as the carrier for the 
nonmagnetic particles (SiC) through van der Waals particle interaction.  The deposition behavior 
and resolution were studied.   
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5.2 Experimental setup 
 
Figure 5.1 illustrates the magnetic field-assisted deposition setup.  Deposition behaviors 
of magnetic-only (Fe) and magnetic (Fe) + nonmagnetic (SiC) particles were performed.  A pure 
iron disc attached to a NdFeB magnet was used as the magnetic source.  The magnetic source 
was fabricated by machining grooves on the surface creating patterns of protrusions.  These 
protrusions modulate the local magnetic field distribution on the deposition substrate surface.  
The regions on the substrate surface corresponding to the protrusions have relatively higher 
magnetic field strength compared to the other regions corresponding to the grooves.  [162, 183].  
As a result, the peak magnetic field gradient regions are located at the periphery of the 
protrusions [40-42, 183].  For the deposition process, 0.2 ml of suspension is introduced on a 50 
µm aluminum substrate, which is fixed on top of the patterned iron disc.  The suspension is left 
to dry under the ambient conditions (300°K) while applying the magnetic field.  Two different 
machining process have been used to pattern the iron disks, micro-milling and micro-laser 
machining.  
A pure iron disk has been machined using micro-milling CNC machine and polished as 
shown in Figure 5.1.  Total of six lines have been machined with three pairs of linewidth 65, 100, 
and 200 µm as shown in Figure 5.2.  All the protrusion lines have a depth of 150 µm and a 
spacing of 750 µm.  
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Figure 5.1 Machined iron disk attached to a magnetic source 
 
Figure 5.2 Micro-line protrusion on the iron disc: (a) 65 µm, (b) 100 µm, and (c) 200 µm 
For the second iron disc, it has been laser machined, using a 6 µm laser beam creating 
smaller protrusions with smaller spacing compared to micro-milling machining.  This disc was 
machined by Prof. Yung C. Shin group at the advanced laser micro-machining facility at Purdue 
University.  Protrusions with different sizes have been machined on the disk with a single line of 
50 µm and four pairs of line widths 10, 25, 75, and 100 µm as shown in Figure 5.3.  The spacing 
between each protrusion pair was the same as the width of these protrusions.  However, the 10 
µm protrusions were too narrow and evaporated during laser machining process.  
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Figure 5.3 laser machined line protrusions on iron disc with linewidth of, (a) 10 µm, (b) 25 
µm, (c) 50 µm, (d) 75 µm, and (e) 100 µm 
Various types of suspensions were prepared and used for deposition as summarized in 
Table 5.1.  One deposition consisted of only magnetic iron (Fe) nanoparticles, while the others 
had a mixture of Fe nanoparticles and nonmagnetic silicon carbide (SiC) particles with different 
SiC particle sizes and Fe : SiC weight ratios (R).  All nanoparticles in this study have been 
handled in a glove box while the operator is equipped with personal protective equipment as 
recommended by the university safety guidelines (Appendix A), which include wearing a lab 
coat and putting on gloves, a dust mask, and safety glasses.  As received Fe nanoparticles, in 
particular, have been opened and handled with extra care in the glove box as it has a high affinity 
to oxidation that can lead to exothermic reaction and cause particle ignition.  The different 
suspension characteristics and particle sizes are summarized in Table 5.1.  The suspensions were 
prepared by mixing the particles in ethanol.  For the Fe and SiC mixture suspensions, the 
sonication was performed in two steps.  In the first step, each particle specie was suspended and 
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dispersed separately in an ultrasonic bath for 4-6 hours.  Then, they were mixed and sonicated 
for another one hour prior to deposition.  For the Fe suspensions, only the first step was 
performed prior to deposition. 
Table 5.1 Summary of nanoparticle size, suspension concentration, and mixing 
parameters  
 
5.3 Results and discussions  
The deposition of only magnetic particles (Fe) was investigated to understand their 
assembly behavior.  Figure 5.4 shows the deposition of Fe magnetic nanoparticles with different 
deposition pattern sizes.  No particles were deposited outside the designated deposition regions.  
Higher deposition concentrations were found in the middle forming island-like deposition 
microstructures along the deposition line.  Figure 5.6 shows the major and total deposition 
widths corresponding to the protrusion sizes 65, 100, and 200 µm.  The major deposition width is 
the continuously deposited portion excluding the peripheral fringes, while the total deposition 
Deposited particles 
Suspension 
concentration 
(wt.%) 
Fe : SiC 
wt. ratio 
(R) 
Suspension vol. ratio 
(SiC/ethanol : 
Fe/ethanol) 
Fe (25 nm) 0.025 % Fe/ethanol N/A N/A 
Fe (25 nm) + SiC (80 nm) 
0.025 % Fe/ethanol 
0.1% SiC/ethanol 
1:1 1:4 
Fe (25 nm) + SiC (80 nm) 
0.025 % Fe/ethanol 
0.1% SiC/ethanol 
1:5 1:20 
Fe (25 nm) + SiC (80 nm) 
0.025 % Fe/ethanol 
0.1% SiC/ethanol 
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0.025 % Fe/ethanol 
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width includes the peripheral fringes.  EDS analysis was used to help determine the deposition 
line width.  Figure 5.5 shows the EDS line scan of the deposition corresponding to 65 µm line 
protrusion.  It shows major and total deposition widths of the deposited micro-patterns.     
 
Figure 5.4 Fe nanoparticle deposition corresponding to different line protrusion sizes, (a, b, 
and c) 65 µm, (d, e, and f) 100 µm, and (h, i, and j) 200 µm 
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Figure 5.5 EDS line scan of the deposited Fe particles corresponding to 65 µm protrusion 
 
Figure 5.6 Major and total deposition widths of the Fe nanoparticle depositions  
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In the absence of the magnetic field, the nanoparticles are well dispersed in the 
suspension and the Brownian motion makes them randomly mobile.  Two forces are induced 
upon applying the magnetic field: (i) magnetic packing force that pulls each individual magnetic 
particle to the deposition surface and (ii) the dipole-dipole interaction force which is attraction 
forces in between the magnetic particles.  The magnetic packing force attracts each individual 
particle toward the highest local field gradient on the deposition surface.  The magnetic packing 
force is described by Fm= ∇(μB) [41], where μ is the induced magnetic moment and B is the 
strength of the external field.  The dipole-dipole interaction between the particle controls the 
assembly and clustering behavior of the nanoparticles, which is described by Fd = 3 μ2(1 – 
cos2 θ)/d4.  θ is the angle between the unit vector representing the distance between the centers of 
the particles and the direction of the field, and d is the center–center distance [41]. As the 
particles reach the deposition surface, the deposited particles pull the arriving particles due to the 
dipole-dipole interaction and begin to arrange them on top of each other.  They form piles at the 
periphery of the magnetic pattern [40].  These piles grow as more particles arrive at the 
deposition surface.  When the distance between those piles is close enough, they begin to interact 
magnetically and coalesce together forming bigger piles (Figure 5.4).  
During evaporation, a secondary assembly mechanisms is introduced, which influences 
the final nanoparticle assembly.  The surface tension and the capillary forces attract the deposited 
particles to minimize the surface area of the assembly [141, 147, 151, 156].   
The mixture of magnetic and nonmagnetic nanoparticles was used to understand the 
particle interaction, transport, and deposition.  A mixture of Fe (25 nm) + SiC (80 nm) with 1:1 
weight ratio (R) was used to deposit line patterns with different widths of 65 µm, 100 µm, and 
200 µm.  The resulting deposition structures are shown in Figure 5.7.  Both the nonmagnetic and 
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magnetic particles formed a well-defined pattern structures.  The regions between the individual 
pattern features were nearly particle free as shown in Figure 5.7.  The island-like structures 
shown in the Fe nanoparticle deposition are still visible with the Fe + SiC mixtures, but are less 
distinct and begin to fade as the deposition line width increases. 
 
Figure 5.7 Fe+SiC nanoparticle deposition (weight ratio of 1:1) corresponding to 
protrusion sizes (a) 65 µm, (b) 100 µm, and (c) 200 µm 
 
Figure 5.8 Areas between the deposition lines 
EDS technique was used to help determine the deposition line widths combined with 
image analysis by performing line scans along the width of different deposition structures.  
Figure 5.9 shows the major and total deposition widths for the Fe + SiC mixture with 1:1 weight 
ratio.      
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Figure 5.9 Major and total deposition widths of the Fe (25 nm) + SiC (80 nm) nanoparticle 
(weight ratio 1:1) 
When a mixture of nonmagnetic and magnetic particles is introduced, the van der Waals 
interaction becomes the dominant force between the magnetic and nonmagnetic particles.  The 
nonmagnetic particles get attached to the magnetic particles and both travel to the deposition 
spots [184, 185].  Moreover, the magnetic dipole-dipole interaction helps to form network of 
magnetic particle links [166].  The interstitial spaces within this networks helps to retain the 
nonmagnetic particles adding extra support during transfer.  Figure 5.10 shows the EDS map of 
Si and Fe, and both elements are uniformly deposited.  This indicates that there is acceptable 
homogenous mixing between the two particle species.  
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Figure 5.10 SEM image of the Fe + SiC deposition corresponding to the 65 µm protrusion 
and the EDS maps of the Si and Fe elements (R= 1:1) 
To determine the transfer capability of Fe nanoparticles, depositions of suspensions with 
different R (1:1, 1:5, 1:10, and 1:20) were analyzed.  Figure 5.11 shows SEM images of the Fe + 
SiC particle mixture deposition with different R deposited on the 65 µm width protrusion.  
Successful deposition was achieved up to R of 1:20.  As the concentration of SiC particles 
increases in the suspension, the width of the deposited patterns increases resulting in a decrease 
in the resolution.  It can be noticed that the island like structures fade gradually as R increases.  
This is because the magnetic particle dipole-dipole interaction decreases with increasing 
nonmagnetic particle concentration.  As discussed earlier, the nonmagnetic particles are attracted 
to the magnetic particles forming a cluster that deposit on the substrate surface.  As the 
concentration of the SiC increases, more SiC particles are packed between the Fe particles 
increasing the interaction distance between the Fe particles.  As a result, the dipole-dipole 
interaction force decreases between the magnetic particles, and thus, the total magnetic-induced 
stiffness of the assembly decreases forming more relaxed pile structures.  
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Figure 5.11 Fe + SiC nanoparticle deposition corresponding to protrusion size 65 µm with 
different Fe:SiC particle weight ratio,  (a) 1:1, (b) 1:5, (C) 1:10, and (d) 1:20 
 
Figure 5.12 Major and total deposition widths of the Fe (25 nm) + SiC (80 nm) nanoparticle 
with different deposition weight ratios 
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=  (NSic) (mpSiC)  
=  (𝑁𝑆𝑖𝐶) (𝑉𝑝𝑆𝑖𝐶) (ρSiC) 
= (𝑁𝑆𝑖𝐶) (
4
3
 π 𝑟𝑆𝑖𝐶
3) (ρ𝑆𝑖𝐶) 
Then,  
𝑁𝑆𝑖𝐶
𝑁𝐹𝑒
=
1
𝑅
 (
ρ𝑆𝑖𝐶
ρFe
) (
𝑟𝑆𝑖𝐶
𝑟𝐹𝑒
)
3
   
NFe and NSiC are the number of Fe and SiC particles in the deposition suspension, respectively; 
VpFe and VpSiC are the volume of the individual Fe and SiC particles, respectively; ρFe and ρSiC are 
the density of Fe and SiC particles, respectively; and rFe and rSiC are the radius of the Fe and SiC 
particles, respectively.  Table 5.2 shows the number of SiC particles carried by one Fe Particle 
(NSiC / NFe).  It can be noticed that for R= 1/20, one Fe particle was capable of carrying almost 1.5 
SiC particles, noting that the volume of the SiC particle is, on average, 30 times the volume of 
the Fe particles. 
Table 5.2 The number of SiC particles transferred by a single Fe particle for different R 
Fe : Si C wt. ratio (R) NSiC / NFe 
1:1 0.075 
1:5 0.374 
1:10 0.747 
1:20 1.495 
 
 Figure 5.13 shows little nanoparticle deposition outside the designated deposition areas.  
For R of 1:20, however, the deposited clusters are slightly larger.  Figure 5.14 shows the mixing 
behavior between the two particle species, Fe and SiC.  For all ratios, the particles showed an 
acceptable mixing behavior.  
87 
 
 
 
Figure 5.13 Areas in between the deposition lines for different R, (a) 1:1, (b) 1:5, (C) 1:10, 
and (d) 1:20 
50 µm 
(a) (b) (c) (d) 
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Figure 5.14 SEM image of the Fe + SiC deposition corresponding to the 65 µm protrusion 
and the EDS maps of the Si and Fe elements of different R,  1:1,  1:5, 1:10, and 1:20 
A mixture of SiC and Fe nanoparticles was deposited using different SiC particle sizes of 
80 nm, 800 nm, and 5 µm.  There is approximately one order of magnitude difference between 
the three particle sizes to capture the changes in the deposition and assembly behavior.  The 
1:1 80 nm 
1:5 80 nm 
1:10 80 nm 
1:20 80 nm 
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resulting deposition structure is shown in Figure 5.15, and successful deposition was observed 
for all the particle sizes.  However, as the SiC particle size increases, more particle deposition is 
observed between the deposited patterns (Figure 5.16).  There are three major forces acting on 
the SiC particles, van der Waals force between the SiC and Fe particles, the drag force acting 
against the moving particles in the suspension, and the gravitational force [182].  The effect of 
the gravitational force on the SiC particle increases as the particle size increases.  The van der 
Waals force is competing with the drag force acting on the SiC particles.  The van der Waals 
force between two Fe and SiC particles can be expressed as Fvw= 
𝐴 
6𝐷2
 (
𝑟𝐹𝑒 𝑟𝑆𝑖𝐶
𝑟𝐹𝑒+𝑟𝑆𝑖𝐶
), where A is the 
Hamaker constant, D is the separation distance between the particle surfaces, and r1 and r2 are 
the radii of the Fe and SiC particles, respectively.  For a particle attached to a surface, D is about 
0.4 to 1 nm [184, 185].  A and D are almost constant for different SiC particle size suspension 
systems.  Accordingly, van der Waals force will depend on (
𝑟𝐹𝑒 𝑟𝑆𝑖𝐶
𝑟𝐹𝑒+𝑟𝑆𝑖𝐶
) as calculated in Figure 
5.17.  Therefore, the van der Waals force does not continually increase even the SiC particle size 
increases.  On the other hand, the drag force increases significantly, which may cause the 
detachment of the SiC particles from the Fe particles [182].  Figure 5.18(a) shows SEM image of 
SiC particle deposited outside the deposition area where no Fe nanoparticles are present on the 
SiC particle surface.  On the other hand, Figure 5.18(b) shows SiC particles at the periphery of 
the deposited patterns where they are anchored to the Al substrate by means of the Fe 
nanoparticle chains. 
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Figure 5.15 Fe + SiC nanoparticle deposition (1:1 weight ratio) corresponding to protrusion 
size 65 µm with different SiC particle sizes, (a, b, c, and d) 80 nm, (e, f, g, and h) 800 nm, 
and (i, j, k, and l) 5 µm 
 
Figure 5.16 areas in between the deposition lines of Fe + SiC (1:1) deposition with different 
SiC particle sizes, (a) 800 nm and (b) 5 µm 
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Figure 5.17 The effect of SiC particle size on the van der Waals force 
 
Figure 5.18 SEM image of SiC (5 µm) particle , (a) deposited in between the deposition 
lines and (b) SiC particle deposited at the periphery of the deposition area 
Figure 5.19 shows the deposited pattern widths corresponding to the 65 um protrusion for 
deposition of Fe + SiC with different SiC particle sizes.  As the SiC particle size increases, the 
major and total deposition widths decrease. 
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Figure 5.19 Major and total deposition widths of the Fe (25 nm) + SiC (80 nm) nanoparticle 
with different deposition weight ratios 
Figure 5.20 shows the mixing behavior between the two particle species, Fe and SiC.  For 
all particle sizes, the Fe + SiC particles showed acceptable mixing behavior.  It can be noticed 
that there is no segregation for neither the SiC nor the Fe particles.  For the 5 µm SiC particles, it 
is clearly seen that every particle is individually surrounded and embedded by Fe particle 
network. 
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Figure 5.20 SEM image of the Fe + SiC deposition corresponding to the 65 µm protrusion 
and the EDS maps of the Si and Fe elements of different SiC particle sizes,  80 nm,  800 nm, 
and 5 µm 
The effect of the spacing between protrusions on the deposition structure was evaluated.  
A mixture of Fe (25 nm) + SiC (80 nm) with 1:1 weight ratio was used to deposit line patterns.  
The ratio between the protrusion width and the spacing between the protrusions is almost 1:1.  
The resulting deposition structures are shown in Figure 5.21.  Both the nonmagnetic and 
magnetic particles formed a well-defined pattern structures with well-defined spacing between 
the two deposited lines, which shows the high deposition resolution in terms of the spacing 
1:1 80 nm 
1:1 800 nm 
1:1 5 µm 
94 
 
 
between the deposited features.  Also, it indicates that possible deposition of a high density array 
of patterns (ratio between feature size and spacing between features is 1:1) can be achieved with 
almost no interaction between the deposited patterns.  It was noticed that the deposition width is 
smaller than the width of the corresponding protrusion.  The deposition widths of the 75 and 100 
µm protrusions were around 60 and 78 µm, respectively.  The 10 and 25 µm protrusions did not 
have any corresponding deposition on the substrate.  The laser machined edges experience 
residual stresses due to the thermal shock wave resulted from the rapid heating and cooling rate 
far from metallurgical equilibrium [186].  That results in permeant deterioration of the magnetic 
permeability of the heat affected zone at the cut edge, which is estimated by 10-15 µm [186, 
187].  The deposition corresponding to the laser machined protrusion always observed thinner 
width compared with the corresponding protrusion by 15-25 µm for this reason.   
 
Figure 5.21 Fe + SiC nanoparticle deposition (weight ratio of 1:1) corresponding to 
protrusion sizes and spacings of (a) 100 µm and (b) 75 µm 
A mixture of Fe (25 nm) + SiC (80 nm) with 1:1 weight ratio was used to deposit a line 
pattern corresponding to 50 µm protrusion.  Figure 5.22 shows the SEM images of the deposited 
structure.  A well-defined line of 15-25 µm was observed, which indicates the relatively high 
(a) (b) 
100 µm 100 µm 
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deposition resolution with this technique.  As discussed earlier, laser machining results in 
deterioration of the magnetic permeability of the heat affected zones at the machined edges, 
which is estimated by 10-15 µm.  As a result, smaller deposition width is observed compared 
with the corresponding protrusion width.  
 
Figure 5.22 Fe + SiC nanoparticle deposition (weight ratio of 1:1) corresponding to 50 µm 
protrusion size (a) corresponding deposition line and (b) higher magnification 
5.4 Conclusions 
A magnetic field directed pattern-deposition of a mixture of magnetic (Fe) and 
nonmagnetic (SiC) particles have been investigated.  The magnetic field pattern was modulated 
by creating topographical pattern (protrusions) on the magnetic source surface.  Creating 
topographical variation on the magnetic source surface is a promising approach to precisely 
modulate the magnetic field distribution that can be used for, relatively, high precision particle 
deposition.  Deposition structure as small as 15 μm (R of 1:1) was achieved.  For magnetic 
particle deposition, two major forces are driving the transfer, assembly, and deposition behavior. 
These forces are the magnetic packing forces and dipole-dipole interaction forces.  The magnetic 
packing force is responsible for the particle transport and anchoring to the deposition surface.  Fe 
(a) (b) 
20 µm 50 µm 
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particles were precisely deposited in the designated deposition regions, with no deposition 
outside the designated deposition regions.  The deposited patterns were preserved during 
evaportion due to the strong anchoring to the substrate.  The dipole-dipole interaction is 
responsible for the particle arrangement and assembly, which control the assembly morphology.  
Deposition of only Fe particles showed a strong dipole-dipole interaction that resulted in island-
like structure with high aspect ratio.  Adding nonmagnetic particles to the mixture reduces the 
magnetic particle interaction which showed less sharp island-like structure.  For deposition of a 
mixture of magnetic and nonmagnetic particles, van der Waals forces govern the magnetic and 
nonmagnetic particle interaction.  Deposition of a mixture of Fe + SiC particles up to 1:20 
weight ratio was achieved.  Further increase in nonmagnetic particle concentration, however, 
reduces the deposition resolution due to weakening of the dipole-dipole interaction between the 
magnetic particles.  The increase in the nonmagnetic particle size results in higher dragging 
forces causing detachment of the nonmagnetic particles from the travelling cluster.  As a result, 
the transfer efficiency of the nonmagnetic particles diminishes causing the detached nonmagnetic 
particles to deposit outside the designated deposition spots.   
 
  
97 
 
 
CHAPTER 6 SUMMARY AND CONTRIBUTIONS 
In this section, the conclusions and contributions of the work carried out were 
summarized.  The major conclusions from each individual work were introduced in section 6.1, 
the contributions were discussed in section 6.2, the recommendation for future work was 
presented in section 6.3, and the acknowledgement in section 6.4. 
6.1 Summary 
The conclusions of individual sections are summarized as follows: 
6.1.1 Effect of ball milling on graphene reinforced Al6061 composite fabricated by semi-
solid sintering 
In this work, Al6061-1.0 wt.% graphene composites were fabricated by ball milling 
Al6061 particles and graphene, followed by pre-compaction at room temperature, and finally by 
hot compaction in the semi-solid regime.  The ball milling time varied from 10 minutes to 90 
minutes.  
 The 10- and 30-minute ball milling times were not enough to homogeneously disperse the 
graphene into the Al6061 matrix, which resulted in degradation of the flexural strength for 
the 10-minute milling time sample and no enhancement for the 30-minute milling time 
sample.   
 The strength increase for the Al6061-1.0 wt.% graphene composite was 47% and 34% for the 
60-mintue and 90-minute times, compared with the reference Al6061 sample.  The 
strengthening was significantly affected by the dispersion of the graphene in the matrix 
phase. 
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 According to the Raman analysis, further milling did not introduce more damage to the 
graphene, but instead helped to uniformly disperse the graphene and reduce the number of 
the stacked layers.    
6.1.2 The ultrasonic spray deposition of sic nanoparticles for laminate metal composite 
fabrication 
In this work, the dispersion and control of the deposited SiC nanoparticles were 
investigated using the ultrasonic spraying process.  The ultrasonic spray deposition is governed 
by the suspension properties and the spraying parameters.  The conclusions from this work can 
be summarized as the following:   
 The atomization droplet size was largely influenced by the nozzle vibration frequency while 
the suspension parameters only had a limited impact.  The change in suspension 
concentration up to 16 wt.% SiC only resulted in droplet size variation of approximately 1 
µm.  
 The deposited cluster size and morphology were affected by two main factors: the driving force 
that transports the atomized droplet from the nozzle to the substrate, and the evaporation 
behavior of the droplet (the amount of liquid phase present on the substrate and its evaporation 
rate).  The amount of the liquid phase on the substrate and its evaporation rate were determined 
by the flow rate and the deposition surface temperature.  The driving force is mainly 
determined by the air pressure and the nozzle to substrate distance.     
 Large amount of liquid phase present on the substrate and low evaporation rate increased the 
particle cluster size and resulted in nonuniform deposition microstructure.  Although a 
minimum inertia for the droplet is required for deposition of nanoparticles, violent air streams 
may destruct the deposited structure.     
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 The use of ultrasonic spraying of nanoparticles showed a promising potential to fabricate 
laminate composites.  AZ31-SiC composites with uniformly deposited microstructure at the 
interface showed an improvement in the flexural yield strength by 49%, while composites 
with nonuniform structure or thicker deposition layer exhibited deterioration in mechanical 
properties. 
6.1.3 Fabrication of pattern reinforced AZ31 multilayer composite using ultrasonic spray 
deposition 
In this work, AZ31/ (SiC-Al6061) composite panel was synthesized by spraying ethanol 
suspension of SiC-Al6061 particle mixture on the AZ31 foils.  
 The patterned composite showed an enhancement in the flexural yield and ultimate strength 
of 75% and 18% compared with the unreinforced sample, respectively.  The patterned 
composite showed higher ultimate load and comparable total displacement compared with 
both unreinforced and uniformly sprayed sample (same reinforcement amount).    
 The enhancement in the mechanical properties was mainly attributed to the brick-and-mortar 
configuration that allowed a tension-shear load transfer chain between the reinforcement and 
the matrix phase.  On the nanoscale level, the nanostructure of the reinforcement phase 
helped enhance the damage resistance of the reinforcement phase.   
 The liquid phase introduced during the semi-solid consolidation, combined with the 
nanostructure of the reinforcement phase created an interpenetrating, gradient interface that 
may have helped to control the interface debonding and the crack propagation.  
  The proposed approach was successful in fabricating a complex, multiscale structure in 
metal composites, which showed a considerable enhancement in mechanical properties. 
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6.1.4 Magnetic field assisted nanoparticle deposition 
A magnetic field directed pattern-deposition of a mixture of magnetic (Fe) and 
nonmagnetic (SiC) particles have been investigated.  The magnetic field pattern was modulated 
by creating topographical pattern on the magnetic source surface.  The conclusions from this 
work can be summarized as the following.   
 Creating topographical variation on the magnetic source surface is a promising approach to 
precisely modulate the magnetic field distribution that can be used for, relatively, high 
precision particle deposition.  Deposition structure as small as 15 μm (R of 1:1) was 
achieved.   
 For magnetic particle deposition, two major forces, magnetic packing force and dipole-dipole 
interaction force, are driving the transfer, assembly, and deposition behavior.  The magnetic 
packing force is responsible for the particle transport and anchoring to the deposition surface.  
Fe particles were precisely deposited in the designated deposition regions with no deposition 
outside the designated regions.  Magnetic packing force was able to preserve the deposition 
structure from destruction during evaporation. 
 The dipole-dipole interaction is responsible for the particle arrangement and assembly, which 
control the assembly morphology.  Deposition of only Fe particles showed a strong dipole-
dipole interaction that resulted in island-like structure with high aspect ratio.  Adding 
nonmagnetic particles to the mixture reduces the magnetic particle interaction which showed 
less sharp island-like structure. 
 For deposition of a mixture of magnetic and nonmagnetic particles, van der Waals forces 
govern the magnetic and nonmagnetic particle interaction.  Deposition of a mixture of Fe + 
SiC particles up to 1:20 weight ratio was achieved.  Further increase in nonmagnetic particle 
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concentration, however, reduces the deposition resolution due to weakening of the dipole-
dipole interaction between the magnetic particles. 
 The increase in the nonmagnetic particle size results in higher dragging forces causing 
detachment of the nonmagnetic particles form the travelling cluster.  As a result, the transfer 
efficiency of the nonmagnetic particles diminishes causing the detached nonmagnetic 
particles to deposit outside the designated deposition spots. 
6.2 Scientific Contributions 
The major scientific contributions of the dissertation may be summarized as the 
following: 
 One of the first attempts to implement ball milling technique to mix and disperse graphene in 
Al matrix was demonstrated.  This study provided better understanding of effect of milling 
time on the dispersion efficiency and damage evolution of the graphene. 
 For the first time, Al6061-graphene composites with improved strength (~ 47%) were 
successfully fabricated using mechanical alloying technique and semisolid consolidation.  
This work contributed toward understanding the relation between mechanical properties of 
the composites and the milling time.  
 This work provided insight on identifying the governing parameters of the ultrasonic spray 
deposition process of nanoparticles and their appropriate control ranges.  The effect of these 
parameters, which includes suspension and spraying parameters, on the deposition 
morphology was better understood.   
 The potential of using ultrasonic spraying to fabricate laminate composites reinforced at the 
interface with nanoparticles was determined.  This study identified the role of particle 
loading and deposition structure morphology on the composite behavior.   
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 A novel process was developed using magnetic field directed assembly of nanoparticles to 
manipulate and deposit a mixture of magnetic and nonmagnetic particles into user-defined 
micro-patterns.  This study contributed towards better understanding of the particle transfer, 
interaction, and assembly behavior of a system of magnetic and nonmagnetic particles and 
towards identifying the dominant forces directing the assembly. 
6.3 Recommendation for future work 
 The magnetic field directed assembly was performed on spherical and polygonal particle 
shapes.  Incorporating particles with different form aspects, i.e. tubular or sheet form, may 
expand the capabilities of tailoring the final deposition structure.  Those particles may, 
however, have different responsive assembly behavior.  For this reason, the assembly and 
deposition kinetics of particles with different form factor needs to be investigated.  
 The magnetic field gradient distribution on a deposition substrate surface affects the 
deposition structure morphology, which is highly dependent on the protrusion geometry (e. g. 
height, width, and cross section profile), and the pattern spacing.  Therefore, a systematic 
study is required to offer better understanding of the effect of those parameters on the 
deposition structure.   
 This approach may be successfully used in fabricating metal matrix composites with custom 
design structures.  For this reason, fabrication of laminate MMCs with micro-pattern 
structure using field assisted deposition needs to be investigated.  The metallurgical 
compatibility of the matrix material and the deposited particles (the magnetic and/or the 
nonmagnetic particles) needs to be considered.  The corresponding densification conditions 
need to be determined. 
103 
 
 
6.4 Acknowledgement 
The authors greatly appreciate the financial support from Defense Advanced Research 
Projects Agency (N66001-12-1-4257) and the United States National Science Foundation 
(CMMI-1030120) and (CMMI-1502900). 
  
104 
 
 
APPENDIX : SAFE HANDLING OF NANOPARTICLES 
Background 
Although insufficient information exists to predict the health hazard posed by the 
exposure to nanoparticles, current research indicates that exposure via inhalation and skin 
contact can result in these particles entering the body.  Nanoparticles have the greatest potential 
to enter the body if they are in the form of individual particles, agglomerates of nanoparticles, 
and particles from nanostructured materials that become airborne or come into contact with the 
skin.  Moreover, particles with high reactivity or high affinity to oxidation may ignite causing 
fire or explosion.   
According to The National Institute for Occupational Safety and Health (NIOSH), the 
following workplace tasks may increase the risk of exposure to nanoparticles: 
1. Working with nanoparticles in liquid media without adequate protection (e.g., gloves) will 
increase the risk of skin exposure. 
2. Working with nanoparticles in liquid media during pouring or mixing operations, or where a 
high degree of agitation is involved, will lead to an increased likelihood of inhalation and 
respirable droplets being formed. 
3. Generating nanoparticles in the gas phase in non-enclosed systems will increase the chances 
of aerosol release to the workplace. 
4. Handling nano-structured powders will lead to the possibility of aerosolization. 
5. Maintenance on equipment and processes used to produce or fabricate nanoparticles will 
pose a potential exposure risk to workers performing these tasks. 
6. Cleaning of dust collection systems used to capture nanoparticles will pose a potential for 
both skin and inhalation exposure. 
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Control procedures 
The following engineering, work practice and ventilation controls are required when 
handling nanoparticles to reduce potential exposure and ensure safe conditions in Iowa State 
University laboratories. 
Lab protection and hygiene 
1. Lab coat must be worn by the nanoparticle users.   
2. Arm sleeves are required where high levels of exposure or splashes of solutions containing 
nanoparticles are anticipated. 
3. Safety glasses must be worn while working in the lab. 
4. Disposable gloves must be worn when handling nano-materials.   
5. Long pants and closed toed shoes are required. 
6. Respirators are required. 
7. Particles with high oxidation affinity should be handled into a glove box to avoid particle 
ignition.  Vacuum or inert gas environments are preferred to handle those particles.   
Ventilation controls 
Labs that handle nanoparticles must have non-recirculating ventilation systems.  
Activities that are likely to release nanoparticles (such as the opening and emptying of 
nanoparticle containers, weighing of dry nanoparticles, preparing suspension systems, and 
spraying) should not be performed on the open bench.  These activities should be performed in a 
fume hood, a glove box, or a vented enclosure. 
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